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The concentration of Kraft black liquor is an energy-intensive process requiring 6-7 
multiple effect evaporators. Membranes have the potential to replace the first 1-2 of these 
evaporator effects (stages) by concentrating black liquor to 30-35%, resulting in 
significant energy savings. There are no membranes in industrial use for this purpose 
today, though both polymeric and ceramic (metal oxide) have been studied in the 
laboratory and on a pilot scale. These membranes face issues of sufficient stability 
(polymers) and larger costs and pore sizes (ceramics), resulting in inadequate 
performance. This work addresses improvements in the performance of ceramic (α-
alumina and γ-alumina) membranes by adding coatings with smaller pore sizes onto 
supports with larger pores (for high fluxes). These coated supports are able to serve as 
both prefilters and as adequate supports for the coating of Matrimid-based carbon 
molecular sieves (CMSs) to achieve reverse osmosis-quality filtrates. Ceramic coatings 
achieved a maximum lignin rejection of 60%, which is inadequate for good filtration 
based on the state-of the art commercial membranes. However, for CMS coatings, the 
alumina-coated layer yielded a CMS membrane with flux and ~68% lignin rejection. 
Though defects in the CMS layer are present, the initial results are promising. Future 
work would address the mitigation of defects and incorporate sacrificial nanoparticles 











1.1 Motivation  
The objective of this work was to develop improved non-polymeric membranes 
for the concentration of Kraft black liquor (BL). BL is a very caustic fluid (pH>12) 
that exits digesters at high temperatures (80-90 °C) and contains numerous organic 
and inorganic fouling species. The paper industry recovers the organic and inorganic 
species in BL by multiple-effect evaporation. However, this is very energy-intensive 
and membranes offer the promise to replace 1-2 evaporators by concentrating BL 
from about 15% solids to about 35% solids.  
Work has been carried out using both polymeric and ceramic (metal oxide) 
membranes. Polymeric membranes are cheaper, but suffer from lack of long-term 
stability under the harsh BL conditions. Ceramic membranes are more stable, but are 
more expensive and lack the small pore-sizes to achieve high-rejections. Furthermore, 
a literature survey showed that most of the membranes tested were commercial 
membranes; little has been done to improve the performance of non-polymeric 
membranes to increase their rejection performance (by decreasing pore sizes) yet 
maintaining high stability and minimizing costs.  
This project addressed some of these issues by attempting to design and 
characterize improved ceramic (α-alumina and γ-alumina) and zeolite and/or carbon 
molecular sieve (CMS) membranes that can withstand the harsh operating conditions 
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associated with black liquor (BL) while efficiently concentrating BL from about 15% 
solids to about 35% solids. 
 
1.2 Basics of BL and Kraft pulping  
The production of forest-based products such as paper involves highly energy-
intensive pulping processes. Three key types of pulping processes are used in the 
production of paper products: soda, sulfite, and sulfate (Kraft).  Soda pulping uses 
primarily NaOH and is used to handle bagasse, straw, grass, bamboo and similar non-
wood based sources.  Sulfite pulping uses sulfite or bisulfite salts (e.g., ammonium 
sulfite) to break up wood chips. The Kraft process (Figure 1) is the dominant pulping 
process. In the Kraft process, NaOH is used as the primary pulping chemical, but Na2S is 
also added to assist removal of lignin from the cellulose fibers and to mechanically 
strengthen the resulting pulp. In this process, wood chips and Kraft pulping chemicals are 
mixed in a pressurized, heated digester to break up the woody biomass and remove the 
pulp, which is used for paper production. The incoming pulping chemical stream is 
known as cooking liquor or white liquor and the pulp waste stream is known as black 
liquor (BL). The BL stream that exits the digester is called weak BL (WBL) and is at a 
typical temperature of 90°C, high pH (>10.5), and about 15 wt.% solids concentration. It 
contains a number of inorganic and organic compounds, the most important of which are 
the pulping chemicals and lignin. The weak BL stream is concentrated in multiple-effect 
evaporators to strong BL (SBL) that contains 50-75 wt.% solids. The concentrated BL is 




With more than 500 million tons/year of BL generated worldwide and almost 200 
trillion BTUs/year (0.2 Quads/year) of energy used for BL concentration in the US alone, 
the recovery of BL is an important industrial and environmental issue.3 BL is a valuable 
byproduct from which one can recover the pulping chemicals, produce energy from 
recovery and combustion of lignin, and recover other organic BL components as 
feedstocks for higher-value bio-based products.4-6 For example, lignin has many 
functional groups which can be used in place of petroleum-derived molecules as building 
blocks for higher-value chemicals. The most common commercial uses of lignin are as 
dispersants, as binders, and in steam/power production.6-15 Other BL components, like 
hydroxyacids could be used for manufacture of cosmetics, film packaging, and 
biodegradable plastics, while hemicellulose could be used in hydrogels and as a paper 




Figure 1: Simplified schematic of the Kraft pulping process and Black Liquor (BL) 




Conventionally, BL concentration from WBL to SBL is carried out in multiple-
effect evaporators, which convert BL from about 15% solids up to about 75% solids.18 
This concentrated slurry can be combusted to generate electricity, and the resultant ash is 
causticized to recover the pulping chemicals, which are sent back to the digester.1, 19 The 
multiple-effect evaporation process is very energy intensive and has a large CO2 
emissions footprint. This process is the second largest energy consumer in the paper 
plant.16 Globally, the pulp and paper industry is the fourth largest industrial energy user, 
consuming more than 6 Quads/yr in 2005.20 Membranes are a potential alternative for the 
energy-efficient concentration of BL and for recovering valuable organic and inorganic 
components. Because of the high fouling potential and high viscosity of concentrated BL, 
a complete replacement of the entire evaporation process with membranes is likely not 
feasible. However, even partial concentration (up to about 30% solids) would 
considerably improve the process and result in a major reduction in energy usage. 
Membranes also have advantages over alternate approaches for lignin removal that rely 
upon inducing its precipitation via acidification or electrochemical techniques (to 
precipitate lignin by lowering the pH via an electrical current).16, 21 One relevant example 
of the acid precipitation technique is the Lignoboost process, which has been scaled-up in 
a demonstration plant owned by Inventia. This process focuses on lignin recovery post-
precipitation by utilizing membrane filtration and resuspension of the filtrate cake to 
achieve high purity and high recovery of lignin.22 However, experimental comparisons of 
the acidification or electrochemical techniques support the general conclusion that while 
acidification processes can achieve a high degree of lignin removal, they also involve 
high costs of acidifying chemicals, anti-corrosion and process safety measures, and 
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electrical energy, as well as degradation of the lignin.5, 13, 14, 23-26 In light of these 
drawbacks, membranes offer the potential of a lower-cost, easily scalable process in 
existing pulp mills to concentrate BL as well as to separate valuable organic and 
inorganic dissolved. It is also possible that acid precipitation of lignin could still be used 
as a pre-treatment step in conjunction with membrane separation, like in the Lignoboost 
process.22, 27, 28 
 Given the challenging operational conditions for using membranes in BL 
concentration, there are two main purposes of this chapter. First, an overview is provided 
regarding the current state-of-the-art in membrane science and engineering for BL 
concentration and related applications. Second, the key challenged are identified related 
to membrane materials, membrane processing, development of structure-performance 
relationships, and operational requirements that must be addressed in order to obtain 
membranes that are viable for BL treatment. In addition to the ubiquitous challenge of 
achieving high membrane flux and good selectivity for desired components, a number of 
important issues exist in relation to the long-term stability of membranes under harsh 
operating conditions (especially pH > 10.5 and temperature ~90°C), the complex 
composition of BL, and its fouling characteristics. This chapter discusses the key 
composition and properties of BL, the general membrane characteristics and materials 
that have been used, a detailed consideration of the membrane performance that has been 
achieved with different modules, effects of fouling and. a discussion on the economics of 
different BL concentration membrane configurations. This chapter concludes with an 
introduction to CMSs, which could potentially be used as novel membranes for BL 
concentration.   
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1.3 Composition and Physicochemical Properties of Black Liquor 
BL composition depends significantly on the pulping process and on the type of 
biomass feedstock used. Common wood sources include softwoods (such as pine), 
hardwoods (such as eucalyptus), and fibrous plants (such as bamboo).18 The solids 
content in BL can be represented either as the total dissolved solids (TDS) or as the total 
solids (TS). TS includes both the dissolved solids and the suspended solids that exist as 
particles or colloids in BL. Tables 9-11 (Appendix A) give a detailed overview of the 
inorganic and organic composition of BL feeds. Table 1 and Table 2 summarize key 
information relevant to the discussion in this section. The main inorganics (Table 1) 
include NaOH, Na2S, Na2CO3, Na2SO4, Na2S2O3, and NaCl, with most of the sodium 
present in BL bound to the phenolic hydroxyl groups in lignin.27, 29-32 BL also contains 
impurities like silica, lime, iron oxide, alumina, potash and sodium chloride.33 Silica is 
important because it causes abrasion of process equipment, and is a challenge during 
processing of straw BL which has higher silica content.9 Another important BL 
component is ash (total inorganic content post BL combustion). The ash content in 
American and European BL is low, but is high for pulps that come from grass-like 
materials, including those in China, India, and Brazil. For example, the ash content of 











Table 1: Main inorganic solutes in black liquor. 
Compound 
Birch BL 
(% TDS Basis)30 
Pine BL 
 (%TDS Basis)31, 32 
NaOH 2.4 1.3 
Na2SO4 4.8 2.6 
Na2CO3 and K2CO3 9.2 7.0 (Na2CO3 only) 
Na2S2O3, Na2SO3, and Na2Sx 0.5 1.5 (Na2SO3), 3.1 (Na2S2O3) 
NaHS 3.6 3.7 (Na2S) 
NaCl 0.5 - 
 
 
Table 2: Main types of organic species in black liquor. 
Compound  (wt. % of dry solids)  
Avg. MWw  
(Da) 
Typical MWw 
range (Da) References 
Lignin 28.9-43 3821 820-9860 6, 15, 18, 34, 35 
Hemicellulose  0.11-1.3 - 1,000-100,000 36 





Table 2 summarizes the typical relative amounts and weight-average molecular 
weights (MWw) of the three major organic components in BL.6, 15, 18, 34-38 The most 
abundant organic component in  BL is lignin, which exists in BL as colloidal 
macromolecules that have a high degree of cross-linking. 39, 40 The phenolic hydroxyl (R-
OH) and carboxyl (R-COOH) functional groups in lignin help to stabilize it in BL.18, 39 
The stabilization is due to reactions such as in Equation (1), wherein free alkali reacts 




 2R OH NaOH R ONa H O− + → − +  (1) 
 
Because BL is highly alkaline, the hydroxyl groups dissociate at higher pH, 
making the usually hydrophobic lignin more hydrophilic with a negative surface charge.41 
If a hydrophilic membrane is used, lignin can interact strongly with the membrane 
surface and decrease the water flux.41 At pH above 12.5, enough phenolic groups have 
become ionized to enable lignin to take a more compact and spherical particle shape, thus 
making it easier to handle in feed streams.18 Pure lignin suspensions tend to have low 
viscosity, which is useful for improving fluid flow characteristics in membrane 
modules.42  Even though the molecular weight (MW) of lignin in BL can vary widely 
(with extremes <1 kDa and >50 kDa), the MWw is usually 0.82-9.86 kDa (Table 2), and a 
polydispersity index of 3.6-4.5.15, 19, 34 The MW distribution of lignin changes with 
temperature; at higher temperature, there is a wider distribution of lignin particle sizes.23  
In addition to lignin, the other main organic compounds in BL are hemicelluloses 
and wood extractives. As seen in Table 2, hemicellulose is generally larger in MW than 
lignin (though much of the hemicelluloses are broken down into saccharinic acids).43 The 
kinds and amounts of hemicelluloses differ between different wood species. For example, 
the main hemicellulose in hardwood is glucuronoxylan, while it is galactoglucomannan in 
softwoods.32 The dominant polysaccharides that make up hemicelluloses are glucose, 
mannose, galactose, xylose, and arabinose.5 Extractives are the much lower MW 
compounds that come from the wood itself and include resins, fats, waxes, oils, proteins, 
terpenes, and other small organic species.5 Some of these extractives can in themselves 
be used for higher value added products. BL also contains a number of low-MW organic 
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acids such as acetic and formic acid.29 Table 12 in Appendix B gives a comprehensive 
account of the methods and standards used to determine varied BL components. Notable 
testing standards include those developed by the Technological Association of the Pulp 
and Paper Industry (TAPPI methods), the Scandinavian Pulp, Paper, and Board Testing 
Committee (SCAN methods), and the Kymen Laboratories Ltd (KCL methods).44-46 For 
example, concentration of lignin is typically determined by measuring is absorbance at 
280 nm using UV-Vis spectrophotometry. TS/TDS amounts are measured by weighing 
dried BL samples, while the ash (inorganic) mass is determined by combusting the dried 
BL samples and measuring the sulfated ash content. The amount of mass lost is the 
organic content. Total ion content can be measured from conductivity readings. 
Wood-based BL is mostly a Newtonian fluid until the solids content approaches 
~50%, at which point it behaves like a shear thinning fluid (Figure 2) in which the 
viscosity decreases with increasing shear rate.18, 29 Non-wood-based BL can be shear 
thinning even at lower solids concentrations (e.g., bagasse BL becomes shear thinning at 
~40%).18, 47 As the BL concentration increases, BL viscosity also increases significantly 
(Figure 2). Higher BL concentrations also result in greater osmotic pressure, which 
lowers the flux drastically at a given transmembrane pressure differential (TMP).27 
Because of the above factors, membrane concentration of BL is practically limited to 






Figure 2: Viscosity of hardwood black liquor as a function of shear rate and solids 
concentration Css. Adapted from Ref.18 
 
 
1.4 Membranes for BL Treatment: General Characteristics 
Different types of membrane processes have been investigated for BL treatment: 
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). 
Table 3 summarizes the approximate range of membrane molecular weight cut-off 
(MWCO) values, pore sizes, and transmembrane pressures (TMPs) that can be used for 
BL treatment.11, 48-53 Note that there is some ambiguity between the transition regions.  
MF membranes investigated for BL treatment are typically symmetric and have a single 
layer.54 This is in contrast to UF, NF, and RO membranes, which are asymmetric and 
consist of a thin, active membrane layer on top of a thicker and highly porous support 
which provides mechanical strength and stability.54 The different types of membrane 
pores can be functionally characterized by their MWCO values, which correspond to the 
MW of a test species that has a rejection coefficient of about 0.90-0.95.41, 54, 55 Species 
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above the MWCO will not be significantly permeated through the membrane.41 To 
ascertain the MWCO of a membrane, a typical method involves determining the rejection 
coefficients of several test species like polysaccharides and dextrans of known MW.54, 55 
If different test-species are used, it is best to determine the MWCO by first converting the 
MWs into hydrodynamic Stokes radii, rs (nm), to give greater consistency between 
different types of test species (Equation 2).56 The radii can then be plotted versus the 
observed rejection and the corresponding MWCO determined from the radii that have 
about 0.90-0.95 rejection.  
 
10 10log 0.377 1.328s wr log MW= −    (2) 
 
 
Table 3: Some characteristics of MF, UF, NF, and RO membranes for BL concentration 
applications.11, 48-53 
 
MF UF NF RO 
Pore Size (nm) 20-10,000 1-50 0.5-4 0.2-1.5 
MWCO (kDa) 100-5000 15-400 0.1-20 < 0.8 
TMP (MPa) 0.1-0.5 0.1-1 1-3 3-20 
 
 
In BL concentration studies, membranes have been operated either in dead-end 
mode (wherein the direction of fluid-phase flow is perpendicular to the membrane 
surface) or cross-flow/tangential-flow mode (in which the direction of fluid flow is 
parallel to the membrane surface).54 In most fundamental investigations, BL 
concentration membranes have been operated in stirred-cell,9, 56-64 unstirred-cell,14 or 
rotated-cell modules,62, 63 whereas larger-scale tests have been carried out in flat-sheet, 9, 
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17, 27, 61, 65-67 spiral-wound,28 plate-and-frame,15, 19, 24, 25, 68, 69 and shell-and-tube (including 
hollow fiber15, 70) modules.4, 7, 9, 11, 13, 16, 28, 33, 41, 71-79 Two common types of laboratory-
scale setups are shown in Figure 3a (for cross-flow operation using either tubular or flat-
sheet membranes) and Figure 3b for dead-end operation (typically with stirring and small 
disc membranes).4, 7-9, 14, 16, 24, 27, 58, 62, 64, 69, 79 The complementary equipment for both 
operational modes is similar.  BL is stored in a reservoir (either as part of the module 
itself or in a separate feed tank) and is then sent to the module either using a pump (for 
continuous or dead-end modes) or under inert gas (e.g. N2) pressure (for the dead-end 
cells). Most pumps require dampeners to ensure smooth and consistent flow in the 
module.  In continuous systems, the retentate is usually recycled while for both modes, 
the collected permeate is analyzed to determine its composition and to calculate the 
rejections of solutes of interest. Permeate flux is determined either via a mass balance for 
benchtop systems or from a flow meter if the volumetric flow-rates are high or if the 
permeate is recycled. To ensure accurate TMP, pressure gauges/transducers are placed as 
close as possible to the feed, retentate, and/or permeate sides of the membrane. For 
continuous mode operation, the retentate requires a backpressure regulator (BPR) to 





Figure 3: Membrane permeation setups commonly used in the literature for 
concentration of black liquor using (a) cross-flow (tubular shown here) or (b) dead-end 
operational modes . Adapted from Refs.41, 80 
 
 
Safety considerations are important since the caustic system operates under high 
pressures and temperatures. Check valves are typically placed before important 
components (e.g. gas cylinder pressure regulators) to prevent their damage in case normal 
flow is reversed. Relief valves prevent accidental over-pressurization of components and 
to relieve pressure when replacing the membrane or removing other components, 
especially if clogging had occurred. Periodic inspection and replacement of corroded 
components is important and additional piping, tank, and valves can be added to aid in 
cleaning and maintaining the system.  Because of the corrosiveness of BL, special care 
must also be taken to ensure that the equipment and parts used in membrane modules are 
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resistant to degradation by BL. Several works have reported the use of stainless steel 316 
(SS316) membrane modules in their studies.58-60, 62-64, 81 For gaskets like O-rings, ethylene 
propylene diene monomer (EPDM), EPDM is found to be more stable than Viton (a 
fluoroelastomer from DuPont™), though neoprene has also been used.7, 65   
Additionally, to make membranes applicable to BL concentration, they must be 
(a) stable (capable of surviving BL for long operation), (b) have high solute rejections 
(else there is little concentration), and (c) achieve high fluxes to minimize surface area 
requirements (by minimizing fouling, increasing porosity, and having thin membrane 
layers). Note also that for BL, membrane filtration is limited to ~25-35% TS because of 
the great reduction in flux due to fouling, concentration polarization, and high osmotic 
pressure (Figure 4) and the very large energy costs to pump the denser fluid to the high 




































Figure 5: Flux and energy trends for different cross-flow velocities and TS at a TMP of 




1.5 Membrane Materials for BL Concentration 
Figure 6 illustrates important milestones in the history of development or 
evaluation of membrane materials for BL concentration. Primarily polymeric membranes 
and ceramic (metal oxide) membranes have been investigated. Tables 13-14 (Appendix 
C) give a comprehensive overview of polymeric and ceramic membranes, respectively, 
that have been investigated for MF, UF, and NF, and RO concentration of BL. Some of 
the key developments are discussed in more detail in this section. In the 1970s, DDS 
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Corporation explored membrane-based methods for BL concentration.33 Early work by 
DDS included the application of cellulose acetate RO membranes in a sulfide mill in 
Norway, concentrating TS from 6 to 12 wt.%.33 This trial was followed by another usage 
of DDS cellulose acetate membranes in 1978 in Quebec, Canada, which achieved 
concentrations of TS from 12 to 18%.33 The organic (cellulose acetate) RO membranes 
used in both of the above plants had lifetimes of about 1 year because of degradation in 
the high pH and temperature conditions. Additionally, these membranes required 
cleaning 2-6 times per week because the high TS content of BL clogged the pores and 
fouled the membranes.33, 82 About a decade later, Ross et al. studied UF concentration of 
BL with 10 kDa and 20 kDa MWCO polysulfone membranes.14 However, these 






Figure 6: Milestones in the development or use of different membrane materials for 
black liquor concentration. 
 
 
As can be seen from Table 13 in Appendix C, cellulose acetate and polysulfone-
based membranes have been widely used, likely due to their commercial availability. 
However, while some of these membranes could provide fairly high rejections (e.g. up to 
75% rejection of lignin14), their major drawback has been long-term stability. In recent 
years, polyethersulfone (PES) membranes have gained prominence because of their 
higher stability, yet the challenge is still to achieve high rejections of organics and ideally 
even inorganics. Arkell showed that these objectives could be achieved by combining 
ceramic UF with some of the more stable polymeric NF membranes to achieve up to 90% 
18 
 
lignin rejection.16 Others have proposed combining carbonation with UF and/or NF to 
achieve higher rejections.27, 28 Nevertheless, it is expected that salt rejections are lower 
than those of organics because of the smaller MW and size of the inorganic ions. There is 
a need for stable membranes that can perform RO to separate not only the organics, but 
also the inorganic species, from water in BL. 
A general problem with many polymeric membranes used to date is their short (< 
1.5 years) lifetime and requirement for frequent cleaning, thereby leading to high capital 
and maintenance costs.33 To address these issues, there has been considerable focus in 
recent years on inorganic (specifically metal oxide) membranes that are more robust and 
resistant to the high pH and temperature of BL feeds.33 Ceramic membranes, such as the 
commercially available Kerasep membranes (made from Al2O3–TiO2) have a general 
lifetime of about 6 years.13, 74 Inorganic membranes also need to be cleaned less 
frequently and generally have higher fluxes.9 Kang et al. compared the fouling 
characteristics of an inorganic membrane (zirconia) and a polymeric membrane 
(polypropylene), and found that the polymeric membrane was prone to a large build-up of 
cake on the membrane surface whereas the inorganic membrane experienced fouling 
primarily due to deposition of inorganic solids inside the pores.83 This difference was 
attributed to differences in surface roughness and surface charge of the two different 
materials.83 Unlike the inorganic membrane, the polymeric membrane was incapable of 
adsorption of charged species from the solute and hence was less prone to deposition of 
solids in the pores. Kang et al. plotted the normalized flux decline for each type of 
membrane (Figure 7) and observed that the inorganic membrane experienced only ~50% 
flux decline from its initial flux at steady-state compared to ~65% for the polymeric 
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membrane over the same time period of about 150 hours.83 Ceramic membranes also 
have higher mechanical strength and have been operated successfully at feed pressures up 
to 100 bar.33 Typically, these commercially available membranes are Al2O3, TiO2, or 
ZrO2 membrane layers on top of ceramic supports. All of these membranes, however, 
have pore sizes that are too large for NF or RO applications. For example, aluminum 
oxide membranes synthesized using anodic oxidation can achieve a minimum pore size 




Figure 7: Normalized flux decline for a polymeric (organic) membrane compared to an 
inorganic membrane. From Ref.83 
 
 
Though ceramics are generally considered to be functionally better membrane 
materials than polymer membranes for BL concentration, the membrane cost must also 
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be considered. Ceramic membranes are typically more expensive that polymeric 
membranes albeit delivering better performance and extended lifetime in comparison to 
polymer membranes.  As an example, Arkell et al. applied their laboratory-scale results 
of lignin rejection by both ceramic and polymeric NF membranes to estimate the 
economics of an industrial-scale process.16 The polymeric NF membranes used in their 
study cost only about 9.5% of the ceramic NF membrane. On the other hand, the ceramic 
membrane had a rated life-time of four times that of the polymeric membrane. Though 
the ceramic membrane was more stable, calculations showed that the higher lignin 
rejection of the polymeric NF and its low cost resulted in it being the optimum BL 
concentration choice. In comparsion to using just the NF polymeric membrane, the 
ceramic NF membrane was 48% more expensive and the combination of a ceramic UF 
and the polymeric NF was 161% more expensive.16 These estimates indicate the need for 
non-polymeric membranes with better rejection and flux properties if they are to be 
competitive with current polymeric membranes.  
 It is noteworthy that there is a gap in proper material science knowledge in the 
published membranes for BL usage. Almost all literature studies commercially available 
membranes. Just testing more commercial membranes will not be sufficient. There is a 
great need to improve inorganic and even polymeric membranes, with significant 
opportunities to use novel materials for BL filtration 
 
1.6 Separation of BL components 
Figure 8 shows the three main types of membrane separations (i.e., UF, NF, and 
RO) that have been investigated for concentration of BL. All of these separations have 
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been previously investigated with both polymeric and ceramic membranes, as detailed in 
the previous section and in Tables 13-14 (Appendix C).  Ceramic-based membranes have 
pore sizes only in the MF/UF range and at best, the high MW-end of NF. Consequently, 
polymeric membranes are still used for NF, sometimes in combination with ceramic UF. 
Future research is likely to move towards introduction of non-polymeric NF and even RO 
membranes that could offer the advantages of stability and efficient operation at every 
MW range. RO would be particularly beneficial since it would allow the full capabilities 
of separation of BL components. Today, UF and NF are the primary types of membranes 
considered for lignin rejection. Having better NF and RO membranes would permit not 
only the almost complete rejection of lignin (and all other organics), but would also allow 
the separation of free salts, further reducing the energy load  and scale formation issues in 
the downstream evaporators and boilers. Below we discuss some of the key advances in 









1.6.1 Concentration of Lignin 
 
The concentration of  low-solids WBL to a high-solids SBL is the most common 
objective in the BL separation literature. This involves the use of MF, UF or NF 
membranes to transport water and other low-MW BL components into the permeate 
stream, thus producing a retentate stream concentrated in lignin. Table 15 (Appendix C) 
provides a detailed overview of the results of experimental studies on lignin 
concentration with different UF and NF membranes. Selected results representative of the 
main findings are discussed below. Liu et al. investigated the effects of membrane pore 
size on lignin rejection. They used three different tubular α-alumina (Al2O3) membranes 
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with pore sizes of 50 nm, 0.2 μm, and 0.8 μm (i.e., UF and MF range).33 These membrane 
achieve a similar lignin rejection of about 75% while also maintaning high long-term 
fluxes. Interestingly, the flux of the 0.2 um membrane was the highest (200-300 L/[h m2] 
for most of the concentration range), while the 50 nm and 0.8 um membrane had similar 
lower fluxes. The reason for this is not known. Also, the 0.2 um membrane had high 
long-term fluxes, not experiencing major fouling for up to 35 days.33 Arkell et al. 
examined the flux, lignin retention, and overall cost of removing lignin from softwood 
kraft BL.16 Specifically, they were interested to examine the results of a  UF and NF 
combination compared to a NF only. The UF membrane was ceramic (Al2O3 with a 
surface layer of TiO2), while one ceramic (TiO2) and 3 polymeric composite membranes 
were tested for NF. At the same MWCO of 1 kDa, the polymeric NF membrane 
outperformed the ceramic membrane, achieving lignin retention of 90%  compared to  
80% with the ceramic membrane (with no UF pretreatment).16  This was because the 
cereamic NF membrane was known to have a larger pore size, despite the same 
MWCO.16 This ambiguity in the MWCO has been observed before. Causserand et al. 
showed that the observed rejection (used to determine the MWCO) can vary strongly 
with the operating conditions (which are rarely specified), as shown in Figure 9. For 
example, the observed rejection decreased from 90% to 40% for a 20 kDa PEG as the 
flux increased (from increasing the TMP).55 Interestingly, adding an UF prefiltration step 
decreased the lignin rejection of the ceramic NF membrane from 80% to 56%, while little 
change was observed with the polymeric membrane of similar MWCO. Again, this was 
likely because of the larger pore size (larger moleules were retained by the UF but passed 
through the ceramic NF more easily than the smaller pore-sized polymeric NF). 
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However, the permeate flux was always higher in the NF membranes after a UF 








Figure 10:  (a) Non-monotonic dependence of lignin rejection upon UF membrane 
MWCO (reprinted by permission of Taylor & Francis LLC [http://www.tandfonline.com] 
from Ref.15), and (b) Non-monotonic dependence of lignin rejection of NF membranes 
(plotted using the data in Tables 13-15 in Appendix C) upon the estimated pore sizes, 
based on MWCOs and Equation (2). 
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Several authors have reported the interesting observation of a non-monotonic 
behavior of lignin rejection as a function of membrane MWCO in MF and UF. For 
example, the results of Hill et al. on polymeric membranes are shown in Figure 10a.15 
The rejection value passes through a minimum as a function of MWCO, with a 500 kDa 
membrane having almost as high rejection coefficient as a 20 kDa membrane. It is also 
surprising that membranes with very high MWCOs have any lignin rejection at all.  This 
trend is also reported in other works and has been attributed to gel layer formation.15, 41, 78 
Lignin is hypothesized to form a relatively dense, dynamic gel layer either at the 
membrane surface or within the large pores of  high-MWCO membranes, resulting in a 
lower effective MWCO and an unexpectedly high rejection.58 For lower-end UF and NF, 
the trend is more clear, as shown in Figure 10b which plots data from Tables 13-15 in 
Appendix C for different types of polymeric and ceramic membranes. The pore sizes of 
the membranes were not reported in these studies, but were estimated using Equation (2) 
and the reported MWCOs. In the case of polymeric membranes, lignin rejection sharply 
increased at a critical pore size of ~4 nm (~21 kDa MWCO), with smaller pore sizes 
having high rejections. It is also worth mentioning here that hemicellulose was easily 
retained in most UF and NF membranes due to its higher MW than lignin. For example, 
Jonsson et al. reported  greater than 80% retention of hemicellulose even with a 100 kDa 
membrane, whereas a  lignin retention of 61% was observed with a 4 kDa membrane.78 
An alternative process for lignin separation involving membrane electrodialysis 
and acid precipitation has also been demonstrated. Membrane electrodialysis using 
polymeric membranes can first remove the alkali (NaOH) from BL, thus lowering its pH 
to 6-7, allowing some of the BL to be used as an emulsifier for catalytic cracking of 
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heavy oil.10 Next, further electrodialysis was performed until the BL pH was reduced to 
5, at which point the pH was further reduced to 3 using nitric acid. This allowed almost 
all of the lignin to finally be precipitated. The remaining liquid is rich in xylan which can 
be used for production of other chemicals (see Section 5.2).10 However, membrane 
electrodialysis is likely constrained by scalability issues when handling large BL flow 
rates, and may involve high electricity costs.  
 
1.6.2 Separation of Valuable Components and Value-Added Products 
As discussed earlier, BL contains a large number of organic species (Tables 9, 11 
in Appendix A). Due to the lack of appropriate separations technology, many of the 
valuable BL components are not industrially usable at the moment.  Lignin has several 
direct uses and potential uses for higher value added products.85 Concentrated lignin can 
be gasified to H2, CH4, and CO for use as energy-efficient and low-carbon fuels.21 Lignin 
is non-toxic and has FDA approval for usage in food and packaging.85 The biggest usage 
of lignin is in commodity markets while specialty markets have less market share because 
they require additional processing or modification of lignin.85 Actual uses in commodity 
markets include as cement/concrete additives (~50% of lignin goes to this use alone), 
binders, for animal feeds, and viscosity reducers in molasses and oil well drilling muds.7, 
9-12, 14, 85 Specialty market uses have included production of vanillin, pesticides, oil well 
cement retarders, gypsum board, dispersants, carbon black, inks, industrial cleaners, 
micronutrients, and lead acid batteries.7-11, 13-15, 41, 85  Hemicellulose has been used in 
barrier films, hydrogels, paper additives.16  
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BL also contains a number of low-MW dissolved organic compounds (Table 11 in 
Appendix A) that appear in the permeate streams of UF or NF membranes. These low-
MW organics include saccharinic acids, formic and acetic acids, and extractives such as 
tall oil and resins.28, 80, 86 New membrane technology for separation of dissolved lower-
MW BL components from each other may allow increased usage of these BL 
components as feedstocks. For example, hydroxyacids present as dissolved organics in 
BL can be used in the production of cosmetics,  film packaging, and as building blocks 
for synthesis of biodegradable plastics.17 To accomplish the recovery of hydroxylacids 
from soda BL, Hellstѐn et al. demonstrated a separation process combining UF, size-
exclusion chromatography, ion-exchange, adsorption, and evaporation (Figure 11).17 UF 
removed up to 75% of the lignin, with the remainder being removed by an adsorption 
column. These two unit operations combined resulted in 99% removal of lignin. Alkalis 
are removed by size-exclusion chromatography and ion-exchange. In the final step, 
evaporation is used to separate volatile acids and water from hydroxyacids.  Specifically, 
hydroxyacid purities of up to 81 wt.% and yields of up to 91% could be obtained. The 
final separation step could potentially be carried out using organophilic membranes to 
permeate the hydroxyacids or a hydrophilic membrane that permeates water, but no 
working example of such membranes is currently demonstrated.  
 
 




 Xylan (a dominant hemicellulose in hardwood) can be used as a feedstock for 
production of building-block chemicals like furfural, as a colorant, and as a viscosity 
reducer in drilling fluids.10, 87 In 2013, the world market for furfural was approximately 
300,000 tons per year and is forecast to reach about 650,000 tons by 2020.88, 89 Lake 
proposed the use of acid precipitation in conjunction with membranes and other unit 
operations to purify the xylan component in BL for use in furfural synthesis (Figure 
12).28 The process begins by conventional acid precipitation of lignin using CO2, until the 
pH is reduced to 8.5-9.5. This would remove most of the lignin, which would be retained 
along with the xylan hemicellulose in membrane separation processes. Furthermore, the 
reduced pH allows greater flexibility in the choice of membrane materials, since many 
membrane materials are quite stable at pH 8.5-9.5 but unstable at the high pH (> 10.5) of 
raw BL. However, as mentioned previously, acidification may have high chemical costs 
and other supporting costs (e.g. piping and storing pressurized CO2).5 The next step is a 
tubular UF membrane (MWCO 1.5-2 kDa) process to concentrate the xylan 
hemicellulose as retentate while allowing most of the water, salts, and low-MW organics 
to permeate. A spiral-wound NF membrane (MWCO 0.15-0.5 kDa) is then used to purify 
the xylan-rich retentate by completely rejecting xylan while permeating water, salts, and 
the lowest MW organics. It is noted that while the NF membrane alone could achieve the 
desired xylan purity and concentration without UF pre-treatment, this may be difficult in 
practice due to low fluxes and severe fouling. UF pre-treatment helps to eliminate most 
of the undesired fouling components as well as decrease the volume of liquid for 
processing by the NF unit operation. The concentrated and high- purity hemicellulose 
solution is then sent to a catalytic reactor wherein xylan is converted to furfural. A final 
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step involves production of pure furfural by separation from water and xylan.  This can 
be done using distillation or extraction, but could also potentially be carried out by 




Figure 12:  Process combining acid precipitation of lignin with membrane (UF and NF) 




1.6.3 Separation of BL Inorganics from Organics 
 
Conventionally, the inorganic salts present in BL (Table 1) are recovered as ash 
after combustion of the SBL stream exiting the evaporators (Figure 1).77 The main 
monovalent ions are sodium (Na+) and potassium (K+). Current studies on BL 
concentration membranes focus on UF or NF to concentrate lignin and hemicelluloses 
while permeating water and ions. An energy-efficient membrane process for BL 
concentration and inorganics recycling would include a downstream RO system that 
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permeates water and produces concentrated alkaline brine containing the inorganic ions 
and dissolved low-MW organic solutes. In addition to the usual requirements of high salt 
rejection, good water flux, and fouling resistance, these membranes should be fabricated 
from materials capable of withstanding the high pH of the UF/NF permeate stream. This 
requirement is beyond the capabilities of current polymeric RO membranes, and there are 
significant opportunities and challenges in the development of such membranes. The 
monovalent ions tend to be free in the bulk solution, while the multivalent ions tend to be 
bound to lignin or other colloids.19, 27, 75, 90 The total concentration of monovalent ions is 
in the range of 3.1-42.3 g/L (Tables 9-10 in Appendix A). Kirbawy showed that 
multivalent ions are mainly located in the retentate (and not the permeate) of UF 
membranes.19 The main multivalent inorganic ions that have been typically retained  are 
Mg, Mn, Fe and Ca, with Mg and Mn typically having higher retentions (70-90% 77) and 
Fe and Ca  having lower retentions (40-60%77).7, 74-77, 91  These inorganics make up only a 
small portion of the solids in BL (Tables 9-10 in Appendix A). Typical rejections for 
multivalent ions have been 80-100% for Mg, 45-85% for Mn, 40-71% for Fe, and 40-
81% for Ca, while the monovalent inorganics had rejections in the range of 6-19% since 
they are permeated by UF/NF membranes.7, 75, 77 Typical good recoveries have been 37-
70% for Mg, 25-60% for Mn, 35-60% for Fe, 20-40% for Ca, while the monovalent 
inorganics had rejections below 10-17%.74, 77, 91  
 
1.6.4 Water Separation 
 
The paper industry is water-intensive.92 It would thus be desirable to separate 
water from BL and recycle it, while recovering the inorganic components as concentrated 
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brine that would place a lower load on the inorganics recycling boiler. To our knowledge, 
there are no works exploring the production of ‘pure’ water from BL using membranes. 
The direct production of water from raw BL appears prohibitively challenging for two 
main reasons. First, the osmotic pressure of WBL (15 wt.% solids) is about 70 bar as 
estimated from the correlation for BL based on TS (Figure 4).49 This is a high osmotic 
pressure compared to, e.g. that encountered in the desalination of seawater (about 25 
bar93), and would likely require significant energy costs for pressurization of the BL feed. 
Second, the presence of large quantities of organic solids (such as lignin and 
hemicellulose) and dissolved organic molecules in raw BL will certainly lead to high 
concentration polarization and fouling effects in RO membranes. Thus, it is more 
reasonable to consider RO membranes for separation of water from the permeate stream 
of an efficient NF pre-treatment membrane. Thus, the industrial use of RO membranes 
for BL applications is likely to be contingent on the development and acceptance of NF 
membranes in the Kraft process. Assuming that the NF membrane can achieve near-
complete retention of lignin and higher-MW organics while allowing permeation of 
nearly all monovalent inorganics and low-MW organics, the solids content of the NF 
permeate would be lowered to ~8 wt.% which corresponds to an osmotic pressure of ~ 40 
bars. The pH of this stream would likely be unchanged. This represents a feasible 
opportunity for development of inorganic/non-polymeric RO membranes that can 
produce water suitable for recycle while concentrating the inorganics. It is also noted that 
the salt rejection requirements for such membranes could be somewhat lower than those 
of desalination membranes, since this application would not require the RO membrane to 
produce a water stream of potable quality.   
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1.7 BL Membrane Flux and Rejection: Theory and Experimental Analysis 
 
In this section and the next, the currently accepted theoretical description and 
experimental understanding of the key performance parameters of BL concentration 
membranes: flux, rejection (selectivity), and fouling behavior (including concentration 
polarization effects) are summarized. In UF, NF, and RO membranes for BL 
concentration, the transmembrane pressure differential (TMP) is the driving force that 
pushes the permeate through the membrane pores. In cross-flow modules, the TMP is 
defined as the average of the difference between the feed and retentate pressures minus 
the permeate pressure.13, 54, 77   In dead-end modules that have no retentate stream, the 
TMP is simply the difference between the feed and retentate pressures. The osmotic 
differential, caused by the presence of different solute concentrations on the feed and 
permeate sides, opposes permeation. As a result, the flux of the solvent can be written in 
the well-known form of Equation (3):49, 94, 95 
 
 ( )J P P σ= ∆ − ∆P         (3) 
 
In the simplest case, without any fouling  or resistance to flow other than that of 













In the above two equations, J is the solvent flux, P is the effective membrane 
permeance (permeability divided by the membrane thickness), Π is the osmotic pressure, 
( )P σ∆ − ∆P  is the net driving force, Rm is the hydraulic membrane resistance (resistance 
to flow of pure solvent in the membrane itself), µ is the dynamic viscosity, and σ is the 
osmotic reflection coefficient. The reflection coefficient couples the solvent transport to 
the rejection of the solutes. A σ value of unity implies complete solute rejection, while a 
σ value of zero implies that all of the solute passes through the membrane.96 The 
reflection coefficient is generally expected to be independent of solute concentration but 
is strongly dependent on the solute molecule size (or molecular weight) and membrane 
pore size (or MWCO).97 The osmotic pressure is directly related to the solute 
concentration. Various correlations exist in the literature, the simplest of which is the 
linear proportionality of osmotic pressure and solute concentration obtained from the 
van’t Hoff equation and which is valid for dilute solutions.27 In more concentrated 
solutions, the osmotic pressure is often correlated to power-law or polynomial functions 
of the solute concentrations in which the constant parameters are fitted experimentally.96, 
98  
The BL membrane literature usually reports solute rejection values/percentages or 
solute recoveries as a measure of the membrane selectivity towards (or against) that 
solute. The ‘observed (or apparent) rejection’ (also called ‘retention’ in some works) is 
defined as Robs =1-Cp/Cb, where Cp and Cb denote the permeate and bulk feed 
concentrations respectively.27, 41, 57, 58, 99 Some authors also use the retentate concentration 
in place of bulk concentration.9, 54, 99, 100 The ‘real’ or ‘intrinsic’ rejection is Rint = 1-
Cp/Cm, where Cm denotes the actual concentration of the solute near the membrane-feed 
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interface. For solutes with a high reflection coefficient, Rint > Robs because the solute 
concentration at the membrane surface is greater than in the bulk feed due to 
concentration polarization.58 A useful relationship between the two rejections, the 
volumetric flux of the permeate through the membrane (Jv), and the solute mass-transfer 
coefficient, k, can be derived that accounts for the back-diffusion of a polarized solute 
into the bulk feed as shown in Equation (5). A plot of the right side versus the volumetric 
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The solute recovery (yield) is the ratio of solute concentrations in the retentate 
and feed streams, and for UF is given by Equation (6):74, 75, 77, 100 
 




−= = −    (6) 
 
with 𝑉𝑉𝑉𝑉 = 𝑉𝑉p
𝑉𝑉0
. Here VR is the volume reduction, V0 is the initial feed volume, VP is the 
permeate volume, mr is the retentate mass, and mb is the initial mass of the bulk/feed 
solution.41, 74, 75, 77 
 In UF membranes with negligible concentration polarization effects, the solvent 
flux of Equation (2) reduces to Darcy’s law by setting ΔΠ~ 0.58, 81, 96 The membrane 
resistance Rm depends on properties such as the pore size, membrane thickness, porosity, 
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and pore tortuosity, and is usually determined from experimental flux data. The viscosity 
of BL is obtained from a correlation as a function of TDS or TS concentration.58, 62 The 
Darcy equation is not valid for conditions with solutes, since they can foul membranes 
and is also not used for RO and some NF studies.96 A generalized form of Equation (6) 
can be written for the solvent flux as shown in Equation (7), and includes the additional 
resistance terms: Ra is the resistance from adsorption of solutes onto the membrane 
surface, Rg is the resistance created by a fouling gel layer at the membrane surface, and 
Rcp is the concentration polarization resistance.48, 96 
 






           (7) 
 
Bhattacharjee et al. examined models based upon irreversible (nonequilibrium) 
thermodynamics64, 94, 101, 102 for predicting solvent and solute fluxes as well as the solute 
rejection in BL concentration membranes. The Spiegler-Kedem (SK) model shown in 
Equation (8) relates the observed solute rejection Ro to the mass transfer coefficient of 
TDS or TS (k), solvent volumetric flux (Jv), solute permeability (Pm), and osmotic 
reflection coefficient (σ):64 
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This study examined how well the widely used SK and Kedem–Katchalsky (KK) 
models matched the experimental data pertaining to: (1) flux versus time (and steady-
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state flux) at different TMPs, (2) flux versus time at different stirring speeds (i.e., 
different Reynold’s numbers), and (3) Cp (the permeate concentration of TS or TDS) as a 
function of TMP for different stirring speeds. Figure 13a shows the flux decline over time 
using the same feed concentration and TMPs but at two stirring speeds. The SK model 
fitted the experimental data reasonably well, while the KK model significantly under 
predicted the flux.  Similarly, in Figure 13b, flux over time is plotted at different TMPs. 
Again, the SK model outperformed the KK model with closer agreement to experimental 
data. The SK model was also better at predicting the permeate solids concentration based 
on the TMP. The poorer performance of the KK model is likely due to its coefficients 
being dependent on concentration itself, while the SK model’s coefficients are not 
dependent on concentration.103 This independence would allow better predictions of flux 




Figure 13: Comparison of the SK and KK models for flux decline over time at:  (a) 




1.8 Concentration Polarization and Fouling in BL Concentration Membranes 
 
One of the challenges in successful application of membrane technology to BL 
concentration and separation, is that of maintaining high permeate fluxes. After showing 
initially higher values, the fluxes stabilize at lower levels and then may decline slowly 
over time. These characteristics result from the contributions of concentration 
polarization and fouling by gel layer formation or adsorption of solutes inside the 
membrane pores. Concentration polarization and gel layer formation are reversible, 
meaning that they can be removed during membrane cleaning and the membrane flux can 
be restored to its original value.61 Other types of fouling such as blocked pores may be 
irreversible.  Thus, minimizing these effects (in addition to the development of 




Figure 14:  Schematic representation of the different concentration polarization models. 




There are three general models that account for concentration polarization/fouling 
resistances (Figure 14), with the osmotic pressure and resistance models being popular in 
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BL concentration studies.65, 96 For most other UF applications, the osmotic effects are 
negligible.96 However, this may not always be true in UF concentration of BL and is not 
true for NF and RO.27, 54, 91, 96, 104  In this model (Figure 14a), the concentration at the 
membrane wall is determined by a steady-state mass balance of solute arriving at the wall 
(due to TMP-driven convection) and solute back-diffusion to the bulk solution (due to the 
concentration gradient). This condition, combined with a power-law solute concentration 
dependence of the osmotic pressure and the generalized Equation (4), gives a nonlinear 
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=          (9) 
 
In Equation (9), the osmotic pressure Π = aCbn (power-law dependence on 
concentration) and it is assumed that σ ~ 1, Cp ~ 0, and Rm >> Rg  .  As seen in Equation 
(7), other resistance terms could be added to Equation (9) as appropriate. The osmotic 
pressure is expected to be the main factor in limiting flux for smaller solutes (10-100 
kDa) in BL concentration, compared to gel layer formation in general UF applications.96, 
98 In BL, almost all solutes are below 100 kDa (except a small fraction of lignin in some 
BLs), so flux decline due to gel formation is less likely. A gel layer (Figure 14b) is 
proposed to be a collection of accumulated large solutes, and is the equivalent of the 
concentration polarization layer for small solutes.54, 56 When a gel layer occurs, the flux 
becomes independent of TMP (limiting flux scenario) because higher TMPs also increase 
the gel layer thickness, resulting in an overall unchanged flux.91 This model has not been 
widely used to interpret UF membrane data for BL treatment, presumably because of the 
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uncertainty in estimating the gel layer thickness as well as the smaller size of BL solutes 
as mentioned above. On the other hand, the resistances-in-series model (Figure 14c) is 
useful because it is easier to differentiate between the different flux decline factors and it 
can also predict a TMP-independent limiting flux.96 Equation (7) may be used. A few 
works58, 96 describe experimental means to determine these resistances, based upon either 
the variation of surface shear (by changing the feed stirring rate) or by variation of the 
solute concentrations.58, 96 
Turning to the experimental reports, there are several works describing the flux 
decline behavior in BL concentration membranes.4, 7, 9, 33, 72, 73 Dafinov et al. reported that 
the flux dropped from  0.062 to 0.037 m3/(m2 h) for their 5 kDa ceramic (TiO2) 
membrane and from 0.058 to 0.018 m3/(m2 h) for their 15 kDa ceramic (ZrO2) membrane 
at 0.5 MPa TMP, within about 100 minutes of operation.4 This is unexpected, since 
membranes with higher MWCOs usually have higher fluxes. To explain these results, the 
authors suggested pore blockage of the membranes by lignin macromolecules (which had 
sizes similar to the 15 kDa pores). The flux then remained stable, with experimental data 
measured until almost 10 hr . and 24 hrs. for the 5 kDa and 15 kDa membranes 
respectively. Cortinas et al. considered the use of a ceramic MF membrane made of 
alumina (0.2 um pore size, 33% porosity, 99.9 % selectivity) to remove pitch (suspended 
colloids) from BL.72, 73 In one set of experiments, they reported a significant drop in flux 
from the initial ~0.3 m3/(m2 h) to 0.15 or 0.11 m3/(m2 h), depending on TMP (0.32 MPa 
or 0.15 and 0. 24 MPa)  during a stabilization time of up to 600 min.72 To minimize long-
term flux decline, a periodic permeate back-pulsing strategy was investigated. Pulsing for 
60 s at variations of  5,15, and 30 minute intervals allowed a reasonably steady flux of 
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about 0.2 m3/(m2 h) over about 6.7 hr  at 0.24 MPa TMP and 7.7 m/s. In another 
experiment, flux did not drop below 0. 2 m3/(m2 h) from an initial flux of almost 0.4 
m3/(m2 h) even after almost 8 days of operation. Flux behavior was similar regardless of 
the operating conditions. High cross-flow velocities (about 8.5 m/s) were required to 
stabilize the flux. Both these requirements resulted in quite high energy costs (e.g., 
pumping was estimated to be about 70% of operating costs).72, 73 
 Wallberg et al. showed that with regular cleaning, ceramic (Al2O3–TiO2) UF 
membranes maintained flux for over two weeks.7 It was also found that the flux decline is 
more pronounced as the retentate becomes more concentrated. This is generally depicted 
in plots of flux versus VR.13 For example, in one study the flux declined from 0.12 
m3/(m2h) to 0.02 m3/(m2h) when VR changed from 0 to 0.9.77 Liu et al.  also described 
similar behavior using ceramic (α-Al2O3) MF and polymeric MF & UF membranes (pore 
sizes/MWCOs: 0.8, 0.2, 0.22 μm for MF and 3, 6, 10, 30, 60 kDa for UF) for lignin 
removal from wheat straw BL, achieving a lignin retention of 70-80%.9, 33 The polymeric 
MF was made of cellulose acetate and the polymeric UF membranes were made from 
polyacrylonitrile (PAN), polyaryletherketone (PAEK), or polyethersulfone (PES).9, 33 
Periodic cleaning and the use of high cross-flow velocities (to reduce concentration 
polarization resistance) enabled high fluxes of 0.15-0.24 m3/(m2 h) to be maintained over 
more than 40 days of operation. For membranes with MWCO < 10 kDa, resistances from 
pore plugging and gel layer formation dominated whereas at MWCO >10 kDa, 
concentration polarization was dominant. The intrinsic membrane resistance was not 
greatly important in both cases. While pore plugging and gel layer formation/surface 
adsorption probably does occur in both types of membranes, the smaller-pore membranes 
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are more affected by these phenomena because even slight pore plugging significantly 
reduces the pore size. Thus, it can be generally assumed that smaller MWCO membranes 
(e.g., NF and RO) for raw BL concentration applications will be more affected by pore 
plugging and adsorption resistances, whereas larger MWCO membranes (e.g., UF) will 
be more affected by concentration polarization. On the other hand, if RO membranes are 
used to treat NF permeates containing mainly inorganic ions and small organic solutes, 
the role of concentration polarization can become important in a manner similar to that 
occurring in desalination RO membranes.   
Cleaning of membranes is most commonly carried out using either commercially 
available alkaline solutions or alkaline NaOH-based solutions. These solutions facilitate 
cleaning by dissolving the low-MWCO solutes and reversing the precipitation of residual 
lignin.41 For example, Ultrasil 11 is a popular industrial membrane cleaning agent. While 
its exact formulation is proprietary, Ultrasil 11 contains NaOH (30–60%), 
ethylenediamine tetraacetate (30–60%), NaCO3 (10-30%), triphosphoric acid, a 
pentasodium salt (5-10 %) and dodecylbenzenesulfonic acid sodium salt (1-5%). It is 
highly alkaline, with a 1 wt.% solution having a pH of 12.8. The manufacturer 
recommends passing the Ultrasil 11 solution through the membrane module for 20 
minutes at 49–71°C. Literature reports on BL concentration membranes generally used 
0.1-0.75 wt.% Ultrasil solution followed by rinsing with water.7, 16, 67, 73, 76, 78, 79, 91 Actual 
cleaning times used could be much longer than 20 minutes. For example, Wallberg et al. 
found that a ceramic UF membrane module needed to be cleaned between 1-16 hours 
every week, such that a pilot plant was successfully operated for 8 months without 
fouling issues to extract lignin directly from the digester.7 Some researchers have also 
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used their own alkaline solutions. The primary component of these solutions is 0.1-0.5 M 
NaOH, although surfactants, phosphates, and sequestering agents may be added.4, 9, 12, 15, 
41, 96  
 
1.9 Membrane Operation Modes in BL Concentration Studies 
 
BL concentration has been studied in a variety of operational modes (modules) to 
characterize the membrane performance . These modules include dead-end filtration 
(operated without stirring, stirred, and/or by rotating the module itself), and cross-flow 
filtration. Cross-flow filtration modules include the industrially relevant tubular modules 
as well as rectangular and axial modules. Highlighted here are examples and 
mathematical models for each operational mode. 
 
1.9.1 Dead-End Filtration 
 
A dead-end cell (Figure 15a) is the simplest module  consisting of one input for 
the feed and one input for the permeate. Dead-end modules are useful for performing 
initial measurements to characterize rejection values and stability of the membrane,  but 
show rapid decline of flux due to concentration polarization from the built-up solutes.  To 
mitigate this issue, a stirring mechanism can be added to minimize fouling and achieve 
higher flux. Less commonly, there are attempts to generate high shear on the membrane 
surface (thus reducing concentration polarization from greater surface turbulence) by 
rotating the membrane itself (with or without stirring).62, 63  These cells produce more 
uniform TMP over the membrane surface.62 However, dead-end modules are not suited 
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Figure 15: Schematics of (a) a simple stirred cell, and (b) Schematic of a rectangular 
cross-flow module. Adapted from Ref.65 
 
One way to express the level of concentration polarization in a stirred cell is using 
the concentration polarization modulus, defined in Equation (10). Here, Cm is the 
concentration at membrane wall, Cb is the bulk retentate concentration, Robs is the 
observed  rejection coefficient, k is the solute mass-transfer coefficient and J is the 














The solute mass-transfer coefficient can be estimated using Equation (11), where 
D is the solute diffusion coefficient, ω is the angular velocity, υ is the kinematic velocity, 
and r is the radius of the membrane.58, 105 
2
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1.9.2 Cross-Flow Filtration 
 
Cross-flow filtration consists of an input feed stream and two output streams: 
permeate and retentate. It is more practically relevant due to lower fouling from the high 
Re as well as easier scalability, particularly for the tubular modules. Many laboratory 
studies have been done on flat-sheet cross-flow systems, typically operated in a 
rectangular module (Figure 15b). Less commonly used are radial cross-flow cells 
(wherein the feed enters at the center and flows in the radial direction), and spiral-cross-
flow cells (wherein the feed is introduced tangentially and flows in a spiral pattern on the 
surface) which can be used for measuring small disc samples.106 Higher cross-flow 
velocities are desirable because they remove or minimize the concentration polarization 
layer, allowing the greatest permeate flux to occur. However, as the feed BL becomes 
more concentrated, filtration becomes more difficult and the energy costs increase. Using 
a tubular ceramic module, Nordin et al. showed that beyond a TS concentration of 31-35 
wt.%, the (pump) energy costs drastically increase (e.g. by 400%  from 35 to 44 wt.% at  
velocity of 2 m/s) and the permeate flux significantly decreases (e.g. by 86% from 31 to 




1.10 Economics and Energy Requirements 
 
Owing to the significant industrial interest in membrane-based BL concentration, 
several technoeconomic analysis studies on this subject have been published since the 
1980s. Table 4 summarizes the main findings of these works. In an early work on 
membrane filtration of BL, Uloth et al. (1989) compared economic feasibility of lignin 
removal by acid precipitation and an unspecified UF membrane .24, 25 Acid precipitation 
performed better than UF, being about half as expensive as UF and having better lignin 
recovery. UF had at best 54% recovery, while acidification could remove up to 95% of 
the lignin in BL at pH 4. Additionally, the capital (operating) costs for UF were about 1.7 
(2.2) times greater. This is initially surprising, since a large amount of acid must be added 
to precipitate lignin However, the membrane replacement cost and steam usage were 
found to be much higher than the chemical cost of precipitation, hence the greater overall 












Table 4: Summary of technoeconomic data on membrane-based BL concentration. Cost 
values calculated in the cited works are adjusted in this work to 2015 US dollars. 
Reference # 24, 25 72, 73 78 16 




32.5 14-14.8 17 183 g/L TDS 
BL feed rate 800 tons pulp/day  8 m/s 180, 200 m
3/hr 100 m3/hr 
Feed Lignin (kg/m3) X X 59 (UF), 54 (NF) 


















UF (Al2O3-TiO2, 15 
kDa); 




NF (TiO2, 1 
kDa), NF 
(polymer 





0.090 0.144 0.082, 0.110  0.088,  0.17 
Lignin Rejection 






(m2) X 355 1200, 2300, 4200  X 
Membrane Lifetime 
(yrs) 1 10 1.5, 6 1.5, 6 
Operating Time 
(hrs/yr) 8000 X 8000 8000 
Capital Cost (k$/yr) 12000 860 260, 840, 1500 X 
Operating Cost 
(k$/yr) 2500 850 470, 1200, 2400 
2800, 3000, 
3500, 4400  






72000,78000,108000 8300,30000, 41000, 68000  
Lignin Production 
Cost ($/ton lignin) 99 
3 ($/ton 
pulp) 10, 26, 36  




Since then, advances in membrane technology have improved the economics of 
membrane-based BL concentration due to higher water fluxes and solute rejections. Table 
4 shows that the economic potential has improved significantly since 1989. In 2002, 
Cortinas et al.  performed an economic analysis using α-Al2O3 MF membrane (0.2 um 
pore size) for the rejection of pitch (colloidal particles, 99.2% rejection).72, 73 The final 
cost to reject almost all of the pitch from going through the membrane was 2.8 $/ton of 
bleached pulp (2015 equivalent value). Back-pulsing (to reduce fouling) was very 
expensive (about 7 % of the total operating cost). Another high cost included the 
pumping energy required to maintain high cross-flow velocities which are needed for 
stable fluxes. This pumping cost was 70% of the operating cost. The membrane lifetime 
was estimated as 10 years, owing to the use of a ceramic (alumina) membrane.  
  There have been more recent studies comparing the usage of UF and NF 
combinations versus NF or UF alone, as well as comparisons of polymeric and inorganic 
membranes for these processes. Jonsson et al. analyzed the economics of removing lignin 
from various parts of the digesting process.78 A ceramic (Al2O3–TiO2) membranes (15 
kDa MWCO) was used for UF and a polymeric membrane (unspecified material) was 
used for NF (1kDa MWCO).78 Three scenarios were considered: (A) treating BL directly 
from the digester with UF, (B) same as (A) but adding a NF step, and (C) using the 
traditional evaporators to concentrate BL to 31% TDS and then sending that stream to 
UF. Though the cost ( 36 $/ton of lignin; adjusted to 2015 value) of the UF/NF 
combination (B) was about the same as that of using evaporators followed by UF (C), the 
UF/NF combination resulted both in the greatest lignin concentration and also the 
greatest purity. UF alone (A) at 26 $/ton (adjusted to 2015 value) of lignin was the 
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cheapest, but its low lignin rejection (~8.5%) is not sufficient for industrial use.  It is 
noteworthy that even with inefficient UF membranes, the UF/NF combination was a 
comparable alternative to the evaporators, thus demonstrating the value of replacing some 
of the evaporation steps with membranes.  
Of final note in Table 4 is the 2014 study by Arkell et al., which used laboratory-
scale NF membranes with high lignin rejection (~90% for a polymeric membrane and 
~80% for a ceramic membrane, both with MWCOs of ~1 kDa). The laboratory-scale 
experimental results were used to estimate the economics of an industrial-scale process 
with a feed flow rate of 100 m3/h and a retentate lignin concentration of 230 kg/m3 (i.e., 
more than 23 wt.% solids if one adds the contributions of other BL components such as 
inorganics) 16. Both the polymeric and the ceramic membranes had a MWCO of 1 kDa. 
Based on their estimates, the total cost of removing lignin with NF only was 46 (68) $ton 
of lignin (2015 values) for the ceramic (polymeric) membranes respectively. In 
comparison, a combination of UF and NF was much more expensive, at 120 (430) $/ton 
of lignin (2015 values) for the ceramic (polymeric) membranes.16 It is apparent that 
regardless of the membrane material, NF alone achieved greater recovery at a much 
lower capital cost and that the polymeric membrane was considered more economical due 
to its lower fabrication cost despite its much shorter lifetime (1.5 years compared to 6 
years for the ceramic membrane).  
Overall, the following technoeconomic conclusions can be drawn. If simple 
concentration of BL to higher TDS content is desired at a lower cost than traditional 
evaporators, direct NF appears to be the most desirable option but it requires long-lived 
(i.e., non-polymeric) membranes. Furthermore, these membranes must have lower cost 
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than current ceramic NF membranes and also have higher lignin rejections (> 80%). 
There is a significant challenge in developing membranes that satisfy these requirements. 
If more detailed separation of the solids into different MW fractions (lignin, other 
organics like hemicellulose, and inorganics) is desired, then a combination of 
carbonation/acidification, UF and NF membranes would be necessary. Neither of the 
above scenarios addresses the recovery of inorganics, which would be recovered 
conventionally by combustion of the further concentrated SBL stream. On the other hand, 
the addition of an RO membrane downstream of the NF membrane could be beneficial in 
producing pure water and further concentrating the inorganics and low-MWs. In this 
case, significant challenges also exist in developing robust RO membranes. The third and 
most conceptually simple scenario is direct RO for raw BL concentration (retaining all 
the suspended and dissolved components and permeate water). This scenario will likely 
remain unfeasible in the foreseeable future due to the very high TMPs required for RO of 
raw BL and the prohibitively large amount of fouling that would occur with a raw BL 
feed. 
 
1.11 Carbon Molecular Sieves (CMSs) 
Carbon molecular seieve membranes (CMSs) are very stable, selective, and 
permeable.107 CMSs are graphite-like (many graphite layer) whose pores ultimately form 
during the pyrolyis step, though unlike graphite, the overall struture is amorphous.107 
During pyrolysis, a polymer precursor is transformed into a carbon membrane under 
vacuum or inert gas conditions at high temperatures (typically 500-1000 °C), with some 
shrinkage of polymer occuring.107 A good  polymer precursor is thermosetting and 
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temperature resistant (i.e. not softening or liquefying during pyrolysis).107 Though brittle 
and generally requiring supports (e.g. metal oxides), CMSs are advantageous because 
they are rigid and can withstand high pressures.107, 108 Compared to typical costs of 
polymeric membranes ($10-20 per m2), CMSs are more expensive at  $50-100 per m2.108 
However, this cost is counterbalanced by the greater selectivity of CMSs and, in the case 
of BL, their excellent stability at the high pHs and temperatures of real BL.  CMS  
membranes can be characterized using gas permeation and sorption (which can provide 
pore size, density, and volume information), wide angle x-ray diffraction (WAXD), 
elemental analysis, thermogravimetric analysis (TGA) coupled with fourier transform 
infrared spectroscopy (FTIR),  SEM and optical imaging, as well as  determination of 
pore size via probe molecules and rejetions by MWCO of test molecules (for liquid 
applications).108 
There are five key steps in the process of making CMS membranes, with step (4), 
pyrolysis, being the most important.107 
1. Select (precursor) polymer 
2. Prepare the polymer membrane 
3. Pretreat the (precursor) polymer (if needed) 
4. Pyrolize (most important step) 
5. Post-treat pyrolized product (if needed) 
Small changes in pyrolysis conditions can significantly affect final product.107 
Key pyrolysis variables include the final pyrolysis temperature, heating (ramp) rate, inert 
gas flow rate or vacuum conditions (pyrolysis atmosphere, concentraiton of the inert gas 
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and oxygen present in the system, inert gas pressure or final vacuum reached, and the 
total soak time at both intermeditate and final pyrolysis temperatures.107 Increases in the 
pyrolysis temperature results in increased gas selectivity from smaller pores (increased 
rejection of solutes in liquid streams), decreased permeability (reduced flux in liquid 
systems), a thinner (more compact) membrane that is more crystalline and dense in 
structure with smaller distances between graphite layers.107 Increasing temperature also 
results in increase in turborstraticy (layers are more haphazard and less in line with each 
other).107 Allowing periodic soaking at intermediate tempreratures increases 
selectivity.107 Slower heating (ramp) rates increase crystallinity and selectivity by 
decreasing the pore size.107 However, if the heating rate is overly rapid, then cracks will 
form, resulting in defective membranes.107 Inert or vacuum atmoshpere conditions 
prevent the combustion and other chemical damage of the polymer.107 Under vacuum, 
selectivity increases while permeability decreases (i.e. smaller pores) while under inert 
gas conditions (e.g. Ar), increasing the flow rate increases the permeability (flux) while 
keeping the selectivity constant.107  If needed, various post-treatments can repair some of 
the CMS defects and slighty adjust some of its properties.107 For example, post-oxidation 
increases pore sizes, and chemical vapor deposition an increase selectivity.107 However, 
from an industrial point of view, it is best if there are no (or at least minimum) post-
treatments since extra process steps add to manufacturing costs.  
CMSs are effective at efficient gas separation because of their molecular sieve pore-
structure which allows the rejection of target species while maintianing high 
permeabilities (fluxes). CMSs have two distributions of pore sizes: ultramicropores and 
micropores. Ultramicropores (< 10 Å) are the smallest pores in the CMSs and give the 
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sieving (selectivity) behavior of the CMSs. Micropores (6-20 Å) are larger and give 
higher fluxes.107, 108 The resultant selectivity depeds on the ratio of these two pore types; 
higher number of ultrmicropores give higher selectivities due to the smaller effective pore 
size of the CMS.  Table 5 below shows a summary of the expected gas permeability for 
Matrimid® from the literature on a free-standing thin films, the gas permeation of several 
gasses through Matrimid-based CMS and the CO2/N2 selectivies obtained.109, 110   
 
Table 5: Matrimid Gas and Matrimid-based CMS Permeabilities and CO2/N2 selectivities 
at 35°C. 
Sample O2 CH4 N2 CO2 CO2/N2 Ref 
Matrimid 1.46 0.21 0.22 7.29 33.14 109 
CMS: 550 °C, 2 hr 
vacuum 435 20 50 1250 25 
110
 
CMS: 550 °C, 8 hr 
vacuum 166 4.2 18.2 375 20.6 
110
 
CMS: 800 °C, 2 hr 











As discussed in Chapter 1, there is considerable potential for membranes to replace 1-
2 multiple effect evaporators for the concentration of Kraft black liquor, resulting in 
significant energy savings, as well as scale reduction and possibility of value-added 
products. Many commercial modules have been studied. Polymeric membranes have 
been used most often because their low cost and smaller pore-sizes. However, they are 
unstable in BL and most studies lower the temperature and/or pH to compensate for this. 
This adds additional unit operations and increases the costs of the membrane technology 
(most studies focus just on the economics of the separation, not combining the costs with 
the additional unit operations required to lower temperature and/or pH). Therefore, 
ceramic membranes are more advantageous because BL can be directly used without 
temperature and pH adjustments. However, the direct membrane cost is higher compared 
to using polymeric membranes (typically after temperature and/or pH adjustment), 
partially due to the larger pore sizes of ceramic membranes. Specifically, only three 
ceramic materials (metal oxides) based either on alumina, zirconia, or titanium. Clearly, 
there is room not only to improve the existing ceramic technologies, but to apply material 
science and engineering knowledge to design membranes from novel materials that can 
address these limitations. This has been the focus of this thesis.  
First, an attempt was made to use zeolites and carbon molecular sieves (CMSs). As 
shown in the results section, zeolites were unstable but CMSs were promising. These 
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required ceramic supports. In the ceramic work, an attempt was made not only to achieve 
the right coating for a defect-free CMS membrane, but also to improve the ceramic 
performance as a prefilter (i.e. at or beyond the current state-of-the-art in commercial 
modules). It should be noted that the author is not aware of any prior work using CMS for 
liquid filtration, let alone for a difficult fluid such as BL. The challenges resulted in 
obtaining defect-free membranes that could not be improved by the thesis defense date. 
Thus, work was also taken to improve the ceramic performance, both as a pre-filter and 
as preparation for more successful CMS coatings on top of these improved ceramic 
supports.  
 
2.1 Initial Work with Disc Supports 
For industrially relevant usage of membranes, the filtration configuration needs to 
be cross-flow to minimize surface area requirements and fouling/concentration 
polarization. Due to the numerous fouling species and the increasing viscosity of 
concentrated BL, tubular modules are the most industrially relevant configuration for BL 
due to their high surface area to volume ratios (up to 200 m2/m3)49 and adequate space for 
fluid flow. In light of these considerations, the initial CMS synthesis protocol was chosen 
from a paper111 using α-alumina tubes.  
However, initial lab-scale work was done in discs instead with plans to later 
switch to tubes. Lab-scale tubular modules were not commercially available and even a 
smaller, custom design by Swagelok would require larger membrane surface areas then 
we could initially make. Furthermore, dead-end cells were commercially available that 
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could withstand the high pressures get use very small surface areas to characterize the 
initial membranes and work-out any defects. The plan was to switch to tubular modules 
once the synthesis protocol had been optimized and the membranes were shown to be 
defect-free with the proper solute rejections on the much smaller and easier to test disc 
dead-end modules.  
 
2.2 Stability Tests of Four Target Materials 
As mentioned in the introduction and literature sections, BL is a very corrosive 
fluid. Not many materials remain stable in the hot caustic solution. Therefore, it was 
important to choose membrane supports and membrane materials that can survive these 
rough conditions. 
Based on group experience, zeolite and CMS membranes were initially 
considered since these were known to be stable at higher pHs. However, both of these 
unsupported membrane types cannot handle the high TMPs necessary for BL work 
(ranging from 20-70 bar or higher). Therefore, these membranes must be placed on 
supports. These supports had to be very porous (to allow easy passage of permeate), with 
a proper pore size to prevent infiltration (and thus pore blockage) of the membrane 
precursor coating and be stable in BL. Literature has already used inorganic (ceramic) 
materials for MF and UF and even NF, albeit with low lignin and salts rejections due to 
the large pore sizes compared to the polymeric membranes. However, these ceramic 
materials are stable in BL and make excellent supports. One common ceramic is α-
alumina. It was chosen not only because of its stability and strength once fired properly, 
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but also because it is readily and cheaply commercially available in a variety of particle 
sizes (both as commercial discs and as powders for in-house synthesis/coating).  
In the beginning of the project, actual BL from our sponsors was not yet 
available; thus the project began with examining candidate materials for stability first in 
model BL (key salts only), and then in actual BL itself (once we received samples). Four 
materials were examined: a Matrimid-based CMS disc and three zeolites: FAU, MFI, and 
SAPO. Stability was analyzed by looking at XRD spectra (PANalytical X’Pert Pro; 
PANalytical, The Netherlands). If the material was stable in model BL and/or real BL, 
then its peaks before and after exposure should remain unchanged. Note that for the 
model BL, the pH was varied by changing the NaOH concentration to determine the 
effect of pH and to determine at which pH, if any, the four materials became unstable.   
 
2.2.1 Formulation of the Model BL 
The model BL consisted only of salt-species only to avoid issues with fouling 
from the organic species and lignin precipitation at lower pHs. The model BL (Table 6) 
was based on average values found in literature for softwood (pine) BL because the real 








Table 6: TDS Inorganic Composition of Model BL. Adapted from Refs.31, 32 





7.0 Na2CO3  
2.6 Na2SO4 
3.1 Na2S2O3  
1.5 Na2SO3  
 
 
The basis for how much to add of each inorganic salt was weak BL at 14.5 wt.% 
TDS How much of each inorganic to add was determined as follows: A desired mass (or 
volume) of overall solution was chosen (e.g. 800 g or 800 mL). 14.5 % of that was TDS 
mass (113. 7g). Of that TDS mass, 1.3% was NaOH (1.5 g), 3.7 % was Na2S (4.2 g), and 
the like. The remaining mass was made up of DI water (taken either as the difference 
between the desired mass and the total mass of the inorganics or, if a desired volume is 
needed, then based on a BL density correlation from the literature112). Additional NaOH 
was be added as needed to increase the pH (if needed). Likewise, for stability tests, acid 
(e.g. sulfuric or hydrochloric acids) was used to lower the pH.    
 
2.2.2 Zeolite and CMS Stability Tests 
In collaboration with Dr. Ketki Sharma, pH stability tests were performed on 
three types of zeolite membranes (MFI, FAU, and SAPO-34) and on a Matrimid-based 
CMS membrane using a simulated BL composition that only contained the inorganic 
components. Matrimid was used as a precursor to the CMS because of its low-cost and 
ease of commercial availability.  
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The pH was varied from 7 to 12 and stability tests were performed in Teflon-lined 
Parr bomb vessels. Teflon was chosen because it is inert and stable in many fluids, 
including BL.  Parr vessels were chosen because of their ability to hold liquids under 
pressure (samples were placed in these Teflon-lined Parr bombs, sealed, and heated in an 
oven. During heating, the vapor pressure increased. The Parr vessels ensured a safe way 
to maintain that pressure without losing BL from evaporation of water).  
FAU, MIF, and SAPO zeolites samples and a Matrimid-based CMS sample were 
tested for stability using XRD, where the peaks before and after exposure to model and 
real BL should remain the same if the sample is stable. Zeolite samples were kept in the 
model BL at 90 °C for 2 days and one additional day was used for cooling the samples 
(still in model BL) to room temperature (RT). Similar conditions were used for CMS 
with actual BL(15 wt.% TS).  
 
2.2.3 Use of Matrimid as a CMS Precursor 
A number of polymers (such as 6FDA-DAM, 6FDA:BPDA-DAM, polyamic 
acids and many others)108, 113 have been used in the literature for the CMS precursor. 
Choice of precursor depends on the desired CMS properties (some precursors, even at the 
same pyrolysis conditions, give more/less permeable and more/less selective CMSs), as 
well as ease of synthesis/purchase and cost. Matrimid® 5218 (Huntsman Advanced 
Materials, The Woodlands, Texas) was chosen because it was a readily available, low-
cost commercial polymer that had undergone many past studies for gas permeation 
(e.g.107, 108, 114) and pervaporation (e.g. 111, 115, 116 ), but had not been used yet for liquid 
filtration, let alone for BL.   
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2.3 Membrane Fabrication Protocols 
Commercial discs (ADS-96R, 15-20% porosity; CoorsTek, Grand Junction, 
Colorado) were chosen because of the rapid availability of hundreds of discs for 
membrane fabrication experiments, while pressing in-house discs would have taken 
considerably longer. However, as subsequent sections will show, some in-house discs 
were necessary due to difficulties encountered with the CoorsTek samples. As discussed 
in the results section (Chapter 3), the support pore sizes were too large for adequate 
coating (polymer infiltrated into pores and created abnormally low gas permeations). 
Discs of 1mm and 0.63 mm thicknesses were tried, with 1 mm samples used for most of 
the work due to their stronger mechanical strength. Several batches were used, but were 
mostly the same except one batch, which had a significant number of impermeable discs. 
Once the problem was identified, all remaining discs within that batch were tested with 
N2 gas permeation to ensure that the discs were not impermeable. Mercury porosimetery 
(AutoPore IV 9500; Micromeritics Instrument Corporation, Norcross, Georgia) was used 
to analyze the pore size distribution of the bare supports and ImageJ software117 was used 
to provide estimates of the pore sizes of alumina-coated supports based on SEM images.  
 
2.3.1 Disc Polishing 
To increase the quality of the eventual CMS membrane, the coating of its 
Matrimid precursor must be defect-free as any defects are carried over to the CMS. To do 
this, both the coating technique and the support surface are important. The Matrimid 
coating and pyrolysis methods will be discussed later, while the focus here will be on the 
alumina support.  
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 The support surface should be as smooth as possible.118 The literature supports 
this, as shown in Figure 16 below, showing the difference between a polymer coat on an 
rough (top image) surface and a smooth (bottom image) surface. As can be seen, the 
smooth surface resulted in a defect-free coat, while there was insufficient polymer to 
completely cover all of the rough peaks and troughs in the top image. 
 
 
Figure 16: Polymer coat on a rough (left) and smooth (right) supports. From Ref.118 
  
In this work, all discs were polished for one minute at 150 RPM using silicon 
carbide 600 grit paper on a polishing machine, both from Buehler (Petrolap Lapping 
system with a Petrographic Abrasive Dispenser; Lake Bluff, IL USA). Discs were held 
by hand onto the rotating polishing paper. A few samples were also polished at 60 RPM, 
but no noticeable difference in quality was observed between the different speeds. The 
fire alumina discs are very hard and quickly wear-out the Buehler polishing film, 
requiring frequent replacement. Also, for a longer-lasting polishing paper and a finer 
polish, diamond lapping paper (1 μm Diamond Lapping Film Discs, 12" from Precision 
Surfaces International, Houston, Texas) was used in the later stages of the work (after 
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first polishing with the Buehler paper). However, the quality of the surface did appear to 
improve significantly from using the diamond film.  
 To ensure adequate and even polishing, discs were initially polished for one 
minute, then rotated by 90°, polished again for one minute. This was done for each of the 
90° directions (four minutes total). Towards the later part of the work, the time was 
optimized and, at 150 RPM and with firm pressing of the disc against the Bueher 
polishing paper, each direction could be held for ~15-20 seconds without affecting the 
quality of the polish (it was observed that during the initial seconds, most of the alumina 
was removed to achieve a polished surface). After polishing, the membrane-side was no 
longer touched. Discs were then sonicated (Model 75T from VWR, Radnor, 
Pennsylvania) for 30 minutes and then vacuum-dried for~ 24 hours at 100 °C. To avoid 
any damage to the discs (and more importantly, for the subsequent Matrimid and CMS 
coatings), vacuum was slowly applied and released.  
 
2.3.2 Dip and Spin-Coating of Matrimid 
It is important to create a thin membrane layer to increase the flux and thus 
minimize surface area requirements. Two methods were employed in applying thin 
membrane coatings: dip/tangential coating and spin-coating. For both, it was important to 
have a smooth surface and a clean surface. To minimize contamination of the surface 
from dust and other particles in the air, discs were stored in closed containers and gently 
air-blown prior to coating. Most dip and spin-coated samples were based on the 
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formulation from our reference paper:111 12 wt.% Matrimid in 1-Methyl-2-pyrrolidinone 
(NMP) (ReagentPlus®, 99%; Sigma-Aldrich, St. Louis, Missouri) was used.  
Initially, dip-coating was done by holding the 25 mm disc in tweezers and 
inserting the membrane side into a short plate/crucible lid until the disc came into contact 
with the fluid. The disc was then be rapidly and tangentially pulled away and held in a 
vertical position (Figure 17). A Kimwipe was then used to absorb the drop of solution at 
the very edge and the disc would be then placed top-side up for drying. This technique 
suffered from poor reproducibility and was improved (though dip-coating is still more 









Figure 18: Improved dip-coating setup 
 
 
The improved version of the dip-coating is shown in Figure 18. Discs were still 
held in tweezers (membrane-side facing the solution), but the tweezers were held by a 
clamp. The thin solution container/crucible lid was placed onto a larger support which 
rested on a scissor ramp that could be adjusted by turning the screw. The ramp was 
moved up until the disc was in contact with solution, held for a set period of time with the 
aid of a timer, and then tangentially pulled away into a vertical position. Again, a 
Kimwipe was used to remove drops from the bottom of the disc. Depending on the 
coating substance, the disc was kept in this vertical position for drying until it was placed 
support-side down for further drying steps. For the later alumina coatings, the disc was 
quickly transferred from the vertical position and place flat (membrane-side up) and 
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briefly dried in a 110 °C oven (to minimize aggregation from water evaporation by more 
rapidly removing the water).  
One challenge with dip-coating was the thin but still relatively thick films 
produced when dip-coating Matrimid (alumina coatings were fine in the dip-coating 
method). During the initial work (in collaboration with another lab member) in 
pyrolyzing the Matrimid into CMS, the polymer/CMS film cracked, resulting in a 
defective CMS membrane. All further CMS work focused on spin-coating, which gave 
thinner films that did not crack during pyrolysis. Note that is still possible to dip-coat and 
successfully pyrolyze Matrimid films, as one of my colleagues showed. However, this 
was harder to reproducibly achieve and involved reducing the viscosity of the Matrimid 
solution (by reducing the concentration) and by applying multiple dip-coats prior to 
pyrolysis to sufficiently cover uncoated areas. The membranes were still thicker than 
those from the spin-coating method. Spin-coating (Model WS-650MZ-23NPP using 
Laurell controller; Laurell Technologies, North Wales, Pennsylvania) was more 
reproducible and gave significantly thinner films (on order of microns and tens of 
microns).  
Initially, a number spin-coating formulations were tried to see which ones gave better 
coats. These formulation settings were based on the advice of Dr. Reichmanis’ group 
(who have extensive experience in spin-coating).  The settings were slightly modified to 
help achieve a more optimum coating. The formulation settings are shown below, where 




1. 1200 RPM, 1 minute, 6 wt.%, 
2. 1200 RPM, 30 seconds, 12 wt.% 
3. 900 RPM, 30 seconds, 12 wt.% 
4. 900 RPM, 1 minute, 12 wt.% 
After preliminary work, only formulation (2) was used because of better quality of 
coat and potentially promising permeation results. 
Spin-coating was done statically. The disc was first placed onto the spin-coater, 
vacuum was applied, and the 12 wt.% Matrimid solution was poured onto the disc until 
the entire surface was covered. Then the spinning began, removing most of the solution 
except for a very thin layer.  
 
2.3.3 Drying Matrimid 
The formulation of our paper111 of reference was initially followed to dry the 
Matrimid coats. The initial drying protocol (Protocol 1) was simple, since little details 
were given in the paper. Dried was first done by placing the coated Matrimid discs into a 
vacuum oven at 250 °C and applying vacuum or in the pyrolysis setup by first applying 
vacuum and then heating to 250 °C at ~10 °C/min. Samples were dried ~12-24 hours.  
Protocol 1 was not successful and was modified to include gentler drying 
conditions (Protocol 2). It was hypothesized that pin-holes were created during the drying 
of polymer films. Rapid evaporation of solvent was thought to break up the polymer 
chains, creating pin-holes. These pin-holes carry through the carbonization process, 
resulting in defective CMS membrane with low rejections. Thus, subsequent drying 
66 
 
protocols attempted to dry the films as carefully as possible to avoid pin-hole formation. 
Care was taken during the transition near the boiling point of the NMP (202 °C) to avoid 
any evaporation stresses.  
Protocol 2 first applied vacuum in the pyrolysis unit (from this point on, all drying 
protocols used the pyrolysis unit), but this time very slowly and monitored via an O2 
Sensor (Cambridge Sensotec Ltd., Rapidox 2100 series; Cambridge, England) to ensure 
that the rate of increase/decrease was not overly rapid. Next, the temperature was 
increased at 1 °C/min up to 120 °C and then allowed to cool naturally to RT. Both the 
vacuum steps and the first drying step did not yield any visible changes in the Matrimid 
coating to the visible eye. Once this was assured, the sample was again heated (still under 
vacuum) at 1/°C/min to 120 °C, then 1/°C/min to 180 °C and cooled. Again, the sample 
was checked visually for any pin-holes visible to the naked eye. The entire procedure was 
then repeated again by finally heating up to 210 °C at the same heating rate and cooling 
naturally to RT.  
 Despite seeing no visible changes along the heating path in Protocol 2, pin-holes 
were still observed under microscope. Thus, Protocol 3 was tested. First, the Matrimid 
sample was air dried to 150 °C at 0.5 °C/min and allowed to soak at that temperature for 
1 hour before naturally cooling down to RT. Afterwards, vacuum was slowly applied. 
Next, the sample was dried to 150 °C at 0.5 °C/min and then (no soaking) died to 210 °C 
(1 hour soak before cooling naturally to RT) at 0.1 °C/min. This worked well and has 





2.3.4 Polymer Infiltration and PEG/Isooctane filler 
Though the reference paper111 used PEG as an intermediate layer (between the 
alumina support and the Matrimid coat), coating directly onto the support was first tried 
to see how much effect it would have. As discussed in the results section, a good layer 
was achieved but it showed infiltration and was almost impermeable. This was not 
surprising since literature is aware of possible polymer infiltration and thus either 
changes the support and/or polymer solution properties to prevent or minimize infiltration 
or adds an intermediate layer (which may or may not be removed in subsequent 
processing steps) to achieve the same objective.111, 113, 120-122 
Based on the reference paper, 111 PEG 4000 (BioUltra, 4,000; Sigma Aldrish, St. 
Louis, Missouri) (5 wt.% in MeOH) was used because according to the literature TGA 
data in Figure 19 below, the PEG fully decomposed by 522 °C during pyrolysis (thus 
avoiding its carbonization), creating a CMS layer directly on the alumina support. In this 
work, pyrolysis conditions were kept at or above 525 °C to ensure that PEG was fully 
decomposed. As discussed in Chapter 3, this strategy was later abandoned due to inability 
to remove PEG on our commercial supports. A filler of isooctane was tried to fill the 
pores with isooctane and then remove isooctane during drying (isooctane’s boiling point 
is lower than NMP’s), but that was not successful. Other fillers such as waxes123 were 
discarded as not feasible (e.g. our current pyrolysis setup could not remove the hot wax, 
potentially damaging to the vacuum pump and clogging vacuum tubing lines once the 
wax cooled down) 
Since temporary fillers were not successful and the polymer film infiltrated the 
support pores, the next strategy was to add aluminum oxide layers on top of the existing 
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supports (or making in-house supports) that had smaller pores, eliminating or minimizing 








2.3.5 Alumina Coating 
Several papers have explored adding alumina layers onto alumina supports. The 
protocol of Benito et. al.119 was followed here. The paper used German-based chemicals; 
thus, the very first batch of coats explored the results using some of the German-based 
samples (courtesy of Zschimmer & Schwarz, Lahnstein, Germany) as well as very similar 
alternatives available here in the US. Both solutions used alumina oxide powder (A16SG 
from Alcoa, New York, New York) with a rated average particle size of ~ 0.25 μm.124  
Actual average particle size was 0.45 ±0.18 μm based on SEM images of dilute particles).  
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Based on the paper by Benito et. al.119 the expected pore sizes from a good coat was 
expected to be ~0.1-0.2 μm and the coated layer was expected to be ~6-10 μm thick. All 
coatings were performed on the CoorsTek alpha-alumina supports.  
The procedure mixed together 8 wt.%  of the α-alumina powder, 1 wt.% of a low 
viscosity binder (Polycol 5 for the German batch, carboxymethylcellulose sodium [low 
viscosity, CA193 from Spectrum Chemical, New Brunswick, New Jersey] for the US 
batch), 0.75 wt.% Deflocculant (Dolapix CE 64 for the German batch, 4,5 
Imidazoledicarboxylic acid [Sigma Aldrich, St. Louis, Missouri] for US batch) along 
with the remaining wt.% of DI water.  The solution was then mixed for an hour in a Ball 
mill, sonicated for at least 30 min. Prior to dip-coating, the solution was also shaken up 
and usually briefly sonicated. Dip-coating was the same as in the improved dip-coating 
method (still on Buehler polished supports), but with a total dipping time at 60 seconds 
for each sample. After dip-coating, samples were taken directly to a furnace to dry and 
sinter by heating to 1100 °C at 200 °C/hr, soaking for 2 hours at that temperature, and 
then allowing the samples to cool naturally to RT. It should be noted that for this first 
batch, there were difficulties with reaching and maintaining the 1100 °C temperature 
(later resolved by using a different furnace when it became available). Thus in this first 
batch, 1100 °C was never actually reached; the actual maximum temperature was, at 
most, 995 °C. 
 This coating (1st batch) was then used to coat and pyrolyze Matrimid. However, 
the CMS film delaminated, likely from the rough surface morphology of the coatings. 
This resulted in improved coating protocols that attempted to avoid aggregation of 
alumina (thus giving smoother coats) so that performance could be characterized both 
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with and without CMS. Polishing the coated supports was briefly considered and tried, 
but abandoned because the thin coated layers were prone to be completely removed even 
with the gentlest polishing.   
 The second coating protocol (batch 2) attempted to keep particles from 
agglomerating while avoiding the use of binders and defloculants, since these create 
larger pores when they are decomposed during sintering. Because alumina powder is 
slightly basic, consuming H+ ions in water, literature suggested using an acidic solution 
to maintain similar charge and thus discouraging significant aggregation.125 The second 
protocol used HCl in water (pH ~5.3) and tested the effects of both the 0.25 um particle 
size from Alcoa (batch 2A) as well as a 5.8 nm alpha-alumina (batch 2B) powder 
(Aluminum oxide, activated, neutral, Brockmann Grade I; Alfa Aesar, United Kingdom). 
Particle size measurement by SEM was unable to see very small particles. The smallest 
seen were 0.14 ±0.07 μm. Both powders composed 1 wt. % of the pH 5.3 solution (the 
dilution was an another attempt to minimize particle aggregation). This time, a better 
furnace was used (Barnstead Thermolyne 1400; Thermo Fisher Scientific, Waltham, 
Massachusetts) that reached 1100 °C and was soaked at that temperature for 2 hours. The 
furnace did not have a ramp rate control, however, it was observed that the total time 
taken to increase the temperature from RT (~25 °C) until 1100 °C was 1 hour, with the 
initial ramp rate quicker and then slowing down as the target temperature was 
approached. It should also be noted that post dip-coating, samples were quickly dried 
with a Kimwipe while in the vertical position and then placed horizontally (coated side 
up) in a 110 °C oven to increase the rate at which water was removed and minimize 
aggregation from shrinkage caused by slower drying of water.  
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 As discussed in the results section, this second protocol yielded some rejections 
(comparable to the pressed discs for the 0.25 μm powder). But it was thought that results 
could be improved, particularly with the 5.8 nm powder (since it was so small that it 
could easily have infiltrated the powers and thus didn’t have enough particles on top of 
the support to create a defect-free coat). Coating protocol 3 consisted of either coating (in 
pH 5.3 solution) 3 wt.% of 0.25 μm alumina powder, firing as in protocol 2, and then 
coating and firing again a 8 wt.% of 5.8 nm (batch 3B) or coating (in pH 5.3 solution) 1 
wt.% of 0.25 μm alumina powder (same concentration as in Protocol 2, for comparison), 
firing as in protocol 2, and then coating and firing again a 8 wt.% of 5.8 nm (batch 3A). 
Enough discs were made that a second coating of 5.8 nm powder was applied to both 
batches in this protocol.  
 Protocol 3 yielded low lignin rejections and two further coating strategies were 
tried. First, because the 5.8 nm particles were small, it was hypothesized that even 8 wt.% 
was too low to ensure adequate surface coverage due to loss of particles from infiltration.  
Guided by the literature, the concentration of 5.8 nm particles was increased to 40 wt.% 
in pH 2.14 (using HCl) to minimize aggregation.119, 126, 127 Coating and firing was done as 
before (no diamond lapping film since  by this time, it was shown to be ineffective), 
though the 40 wt.% solution was mechanically stirred prior to coating and dried in air for 
at least half  a day prior to firing.  
Second, it is known that compared to  α-alumina, γ-alumina can result in 
smoother surfaces and small pore sizes (1-5 nm, with smaller pore sizes can be achieved 
by lowering the firing temperature) as well as provide thinner CMS layers.128-130 Here, 
the procedure of Chen et al. was followed with minor adaptations:128 
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Three mL of ethanol and ~25.5 mL of Al-tri-sec-butoxide (97%, Sigma Aldrich, 
St. Louis, Missouri) were manually mixed by violently shaking the 40 mL vial to form a 
homogeneous solution. This was then added to 425 mL of 80 °C DI water, heated to 90 
°C and stirred under reflux for 1 hour. Next, 4 mL of acetic acid (Sigma Aldrich) was 
added and the solution continued to stir at 90 °C for 1 hour under reflux. Then, 0.5 ml 
glycerol (Sigma Aldrich) was added with the same stirring and reflux at 90 °C for one 
more hour. The heat was then turned off and the solution was allowed to cool and age for 
at least 12 hours (still stirring and under reflux). The aged, RT solution was then dip-
coated for 60 s, dried at RT for ~12 hrs, dried in a 110 °C oven for ~12 hrs, and then fired 
at 3 C°/min to 600 °C (2 hour soak time). Note that in the only batch to be made for this 
thesis, the furnace used had difficulties reaching 600 °C and thus the total soak time was 
a bit above 12 hours.  
 
2.3.6 In-house Alumina Pressed Discs 
Due to the limitations of the commercial CoorsTek support (e.g. Matrimid 
infiltration), attempts were also made to make in-house supports with smaller pore-sizes 
to prevent infiltration and improve the water flux properties. The 0.25 µm powder was 
used to make the discs in a 25 mm X.R.F. die (max load of 30 tons) and pressed using a 
mechanical press (carver 50,000 pound Press). The die consisted of a bottom support, a 
top piece, two 25 mm discs (one side was polished and shiny-this is the side that was in 
contact with the alumina powder), and a pressing rod.  
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The first Protocol was based on the literature formulation and pressing 
conditions.131, 132 The literature suggested adding either water131, 132 to the alumina 
powder, or a binder (e.g. polyvinyl alcohol [PVA]).119, 133Also, a former group member 
shared his own formulation and that was considered as well. Because of the slight 
variance between the formulations and pressing protocols, four different types of overall 
protocols were tested and one of them (ConC) was ultimately chosen as the method to 
use due to better performance (i.e. disc was less prone to cracking between the pressing 
and firing steps).  These four methods are discussed below. Note that for the 0.25 µm 
powder ~1 g in the 25 mm cell corresponded to a thickness of ~ 1mm. Initially, discs 
were made somewhat thicker (~2 mm) but once the final protocol was chosen, almost all 
discs were pressed to yield ~ 1 mm discs (1 mm was the maximum thickness that could 
be used in our standard dead-end cell).  
The first method (ConA) was based on the formulation of our former group 
member. In ConA, 2.1g of α-alumina was mixed with 0.3138g DI water using a mortar 
and pestle. This mixture was then pressed for 2,500 lbs for 5 seconds followed by 5,000 
lbs for 120 seconds.  
The second method (ConB) was based on reference 131.131 2.1g of α-alumina was 
mixed with 0.0875g DI water using a mortar and pestle. This mixture was then pressed 
for 5,000 lbs for 5 seconds followed by 15,000 lbs for 120 seconds.  
The third method (ConC) was based on reference 132.132 2.1g of α-alumina was 
mixed with 0.1826g DI water using a mortar and pestle. This mixture was then pressed 
for 1,300 lbs for 30 seconds followed by 5,000 lbs for 120 seconds.  
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The fourth method (ConD) was based on reference 133.133 Instead of water, a 10 
wt.% polyvinyl alcohol (~89-98 kDa, from Sigma Aldrich) in water solution was used. 
Thus, 2.1g of α-alumina was mixed with 0.1826 g PVA solution using a mortar and 
pestle. This mixture was then pressed for 15,700 lbs for 5 seconds followed by 20,200 lbs 
for 120 seconds.  
After pressing, all discs (regardless of method or protocol) were fired in the same 
way. Initial attempts to fire at 982 °C for ~36 hr and 1100 °C for ~2 hrs yielded discs that 
broke upon light pressure. Thus, the final firing conditions that were used were 1300 °C 
for 2 hours with natural cooling to RT. The ramp rate was ~3-5 °C/minute using a bottom 
loading Keith furnace (1600 °C maximum temperature with MoSi2 heading elements). 
Note that shrinkage occurs during firing. At a firing temperature of 1300 °C, the 
shrinkage was ~ 1 mm (i.e. final discs were ~24 mm in diameter).  
 
 
2.3.7 CMS Pyrolysis Protocol 
Matrimid films coated unto α-alumina supports were pyrolized using the 
equipment shown in Figure 20 below. An Edwards vacuum pump (Model RV3) is 
connected to a glass quartz tube (GE Type 214 Quartz Tubing 55.00 mm x 59.00 mm x 4 
ft. from National Scientific Company, Quakertown, Pennsylvania) that sits inside a 
furnace (XST-3-0-24-3C three-zone furnace from Thermcraft, Winston Salem, North 
Carolina). Inside the quartz tube is a quartz plate (52 mm x 500 mm x 4 mm thick slotted 
plate with 10 slots, each 2 mm x 2 mm, from United Silica Products; Franklin, New 
Jersey) on top of which samples are placed. Also connected is an oxygen sensor 
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(Cambridge Sensotec Ltd., Rapidox 2100Z, Cambridge, England) to ensure adequate 
oxygen removal by the pump and to ensure that the vacuum is applied and released 
slowly, as well as a pressure transducer (MKS Baratron Type 727/728A).  Not used in 
this work but also available is a line for inert gas (e.g. Ar) hook-up. In this work, all 
pyrolysis occurred in a vacuum, with all pressures less than 5 mTorr and with oxygen 
concentrations below 10-20 ppm. 
 
 
Figure 20: Schematic of the pyrolysis setup 
 
 
Early work was based on the ramp rates of our reference paper111. The heating 






Figure 21: Initial Pyrolysis Protocol. From Ref.111 
 
 
Because of the lack of significant gas and liquid permeation in initial samples, this 
pyrolysis protocol was replaced by one from the Rungta Thesis,108 where the pyrolysis 
temperature was lower (525 °C). The lower temperature was chosen to increase the pore 
size and thus permeability of both gas and liquid. The protocol is: 
 
1. RT (~25°C)→250°C at a ramp rate of 13.3°C/min 
2. 250°C →510°C at a ramp rate of 3.8°C/min 
3. 510°C → 525°C at a ramp rate of 0.2°C/min 







2.4 Membrane Characterization 
 
2.4.1 Optical and SEM Imaging 
Optical microscope (Olympus BX51, TH4-100) and SEM (LEO 1530 FE-SEM) 
images were used to examine if there were any visible defects on the Matrimid and/or 
CMS films (top surface), to obtain the thicknesses of coated layers (both alumina and 
Matrimid and/or CMS), as well as to examine the quality of the alumina coatings.  SEM 




2.4.2 Gas Permeation 
An in-house gas permeation system was used to access the quality of the Matrimid 
and CMS coats in comparison to literature gas permeance, permeability, and selectivity 
values.  Figure 22 below shows the setup. Vacuum was applied until the pressure in both 
the feed and permeate sides was 0 psig. Then, either N2 or CO2 gas (and sometimes SF6) 
was allowed to flow through at ~52 psia and the rate of change of the permeate pressure 
with time was measured. Its initial slope is linear and that slope was used to calculate the 






Figure 22: Gas Permeation Setup 
 
2.4.3 Liquid Permeation 
A BL dead-end filtration system was designed and assembled to study the flux 
and rejection of membranes under BL, model black liquor, water, and salt solutions. 






Figure 23: BL filtration system 
 
 
The system is capable of high temperatures (90-100 °C for black liquor studies 
and up to 200 °C based on oven’s max setting). There is a nitrogen gas (N2) cylinder that 
has a high-pressure gauge capable of delivering up to 137 bar of pressure. N2 is an 
excellent choice because it is chemically inert and avoids the corrosion concerns if a 
pump was used. However, the system is limited by the maximum pressure rating of its 
weakest link, which in the current configuration is the feed tank. The tank’s maximum 
pressure limit is 120 bar at room temperature and 93.7 bar at 93 °C.  There is an 
automatic relief valve to avoid over-pressurization. It should be set at least several bars 
below the system’s lowest maximum pressure rated component at the highest operating 
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temperature. There is also a manual relief valve to depressurize pressure system 
manually, particularly when releasing pressure post a membrane filtration experiment. 
The filtration parts are shown in Figure 24, which includes a 1 L feed tank (A), 




Figure 24: Schematic of Gas-Driven Membrane Separation System 
 
The membrane module (D) is a non-stirred, a dead-end filtration module from 
Millipore (high-pressure SS filter holder, 25 mm; EMD Millipore Corporation, Billerica, 
Massachusetts) (max 350 bar room temperature [RT] rating), shown in Figure 25. In the 
schematic, (I) is the bottom piece, (II) is the top piece, (III) is the support disc that goes 
into the bottom piece (small mesh size side facing user), (IV) are the screws that hold the 
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top and bottom pieces together, (V) is the screwdriver needed to tighten the screws, and 
(VI) is an optional, but helpful screwdriver for getting the support disc out and for 
helping to remove the membrane from the module. This cell does have flux limitations 
due to the build-up of foulants (i.e. increase in concentration polarization and osmotic 








The dead-end cell accepts in discs 1” (24 mm) diameter. For stability in BL, the 
inner O-ring used was either EPDM, Teflon, or Silicone. After initial work with EPDM 
showed a stickiness of it to the membrane post an experiment, silicone was used instead 
(it stuck less often to the membrane, making it easier to remove). All O-rings were 
purchased from McMaster Carr (Atlanta, GA) (e.g. Silicone: Super-Resilient High-
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Temperature Silcone O-Ring, 1/16 Fractional Width, Dash Number 018) A torque 
wrench was later used to ensure that all screws consistently receive the same torque and 
are not overtightened (~40 in-lbs).  
 The default module had only O-ring, creating a seal on the feed side (the permeate 
side did not have an O-ring, which caused leaks). Thus, an EPDM outer-O-ring was 
added to seal the permeate side. It was purchased from McMaster Carr (Steam-Resistant 
EPDM O-Ring, 1/16 Fractional Width, Dash Number 022, Catalog # 9557K118). It was 
1” in inner diameter, 1 1/8” outer diameter; making it just the right fit (if it was too 
thick/bigger, it would get in the way of the screws).  
The module required further modifications. First, since the module was designed 
for thin films and not 1 mm discs, the initial seal created by the outer O-ring was not 
enough to prevent leakage. Also, the inner O-ring did not protrude sufficiently from the 
groove in the module, giving very little O-ring for a seal of the feed side and increasing 
the chances of metal-to disc contact, which cracks the disc. The issue was addressed by 
machining 0.010” off the top O-ring wall. 
Also, since with 1 mm discs, there is some gap when the module is fully clamped, 
it was thought that a 1 mm deeper groove would help. So a second module was bought 
and its permeate size was made 1 mm deeper. Surprisingly, this actually caused discs to 
break even upon finger tightening of the screws. Consequently, that module was not used 
except for the few 2 and 3 mm pressed discs, since the normal module could not handle 
such thick discs without easily breaking or leaking from the permeate side.  
83 
 
 As mentioned previously, this dead-end cell has several limitations. The chief one 
is significant fouling from strong concentration polarization and even possible gel-layer 
formation. Ideally, a Sterilitech module (HP4750X Stirred Cell, for Operation up to 2500 
psig, 172 bar max at RT, 49 mm disc diameter [47-50 mm range ] would be used because 
the stirring would approximate a cross-flow cell and minimize the fouling, allowing 
realistic and not days-slow fluxes to be achieved.  However, this was not done in the 
early work because of the large disc diameter required (2”). At the time, we could not 
coat such larger discs and were not confident that a mask would be strong enough at the 
high pressures, pHs, and temperatures used in BL. Since that time, we have gained the 
ability to begin coating larger discs and, if needed, masking smaller ones. The Sterlitech 
module will be used in all future work.  
 Flux data was collected using the mass-balance (Ohaus Pioneer Model PA313; 
OHAUS Corporation, Parsippany, NJ). Because permeate volumes are low for high-
quality discs, a closed 3-decimal point accuracy mass balance (max mass 350 g) was used 
to monitor permeate flux. It was connected to LabVIEW using a serial port and had 
neoprene liners to prevent damage to MB components 
Real-time data collection of mass, temperature and pressure was done using 
LabVIEW. The outside box is a CompactDAQ Chassis (National Instruments 
Corporation, Austin, Texas) and it connects to the computer via a USB cord. Many 
devices, such as the pressure and temperature transducers, are connected to a NI 9219 4 
Ch-Ch Isolated, 24-bit, ±60V,100S/s Universal AI Module that fits inside the Chassis. 
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 To make a liquid filtration run successful, several factors had to be considered: (1) 
Proper module clamping, (2) slow increase in pressure and (3) sufficient soak times at 
low pressures. 
The module must be clamped tight enough on the membrane disc to ensure adequate 
pressure on the O-ring, preventing leaks from both the feed and permeate sides. However, 
too much tightening (too much torque) will apply too much pressure on the disc and 
crack it. A torque wrench is recommended (20 in-lbs for the Millipore cell) to ensure that 
the module is not over-tightened. Also, it is necessary to tighten the screws in a “star” 
pattern, where screws are not tightened in order but in alternates and across from each 
other. Screws should be tightened as evenly as possible to ensure even pressure 
distribution from clamping. 
A slow initial increase in pressure is vital. Sudden application of high pressures will 
crack the discs. In this work, initial pressures were increased by 1-2 psi every several 
seconds until pressure reached about 3.5 bar. After that point, pressure was increased 0.1-
0.2 bars per several seconds. There was also periodic soaking. Typical times required to 
go from 0 to 3.5 bars was between 30-60 min. As mentioned previously, the mass-
balance data was used to calculate flux. UV-Vis (280 nm) was used to calculate the lignin 
rejections in a quartz cuvette using an Agilent 8510 Spectrophotometer. A conductivity 
meter (Oakton CON 150 conductivity/TDS handheld meter; OAKTON Instruments. 









3.1 Stability tests of four target materials 
The XRD patterns of FAU, MFI, and SAPO zeolite materials before and after 
model BL exposure are shown in Figures 26-28, where the peaks before and after 
exposure to model and real BL should remain the same if the sample is stable. As seen in 
Figure 26, the FAU peaks were lost by pH 12.2, indicating that it would not be stable in 
real BL, whose pH is ≥12. This was confirmed with real BL (data not shown). MFI also 
did not survive past pH 12.2 (Figure 27) and was rejected as a possible membrane 
candidate. The SAPO material was the unstable even under pH 8.5 (Figure 28) and was 
also eliminated as a membrane possibility. It is known that some zeolites become 
unstable at sufficiently high pHs, losing their crystalline structures.134, 135 This is likely 
because the silicate/aluminosilicate/silicoaluminophosphate frameworks are susceptible 
to base-catalyzed hydrolysis at high pHs, although the explicit tests were required in 
order to determine whether this degradation mechanism occurred specifically at the pH 








Figure 26: XRD patterns of zeolite FAU before and after exposure to model BL at 
different adjusted pHs. The XRD pattern of the α-alumina support is also shown in order 





Figure 27: XRD patterns of zeolite MFI before and after exposure to model BL at 
different adjusted pHs. The XRD pattern of the α-alumina support is also shown in order 





Figure 28: XRD patterns of zeolite SAPO before and after exposure to model BL at 
different adjusted pHs. The XRD pattern of the α-alumina support is also shown in order 




On the other hand, CMS proved stable in both model and real BL, as shown in 
Figure 29 below before and after exposure to real BL. The CMS sample shows the broad 
XRD pattern characteristic of its amorphous structure based upon “turbostratic” 
arrangement of graphitic layers.108 From this point on, CMS membranes were chosen for 








Figure 29: XRD of CMS (750 °C vacuum pyrolysis) before and after real BL exposure. 




3.2 Investigation of membrane processing parameters 
 
3.2.1 Disc polishing 
As mentioned Chapter 2, the smoothness of the support significantly affects the 
quality of subsequent membrane coats. Consequently, the CoorsTek α-alumina discs 
were polished prior to use to ensure a smooth coating surface. Sample SEM images of the 
polished support is shown in Figures 30-31. The polished surface is much smoother and 










Figure 31: Top surface of polished CoorsTek alumina disc 
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 Figure 32 shows the pore size distribution of the polished CoorsTek alumina disc 
from Hg porosimetery data. Most of the pores are approximately 0.43 μm in diameter, 
though a small portion of pores are 5-9 μm in diameter.  
 
 
Figure 32: Pore size distribution of polished CoorsTek alumina disc 
 
 
3.2.2 Dip and spin-coating Matrimid 
As mentioned in Chapter 2, the spin-coating settings were initially varied to 
determine an optimum coat. Again, the formulations were: 
5. 1200 RPM, 1 minute, 6 wt.%, 
6. 1200 RPM, 30 seconds, 12 wt.% 
7. 900 RPM, 30 seconds, 12 wt.% 























Pore diameter (nm) 
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 As seen in Figure 33, 6 wt.% was too dilute and (3)-(4) had somewhat lower-
quality coats compared to (2). Thus, formulation (2) was used for the remainder of this 




Figure 33:  Initial Spin-Coating Results Using different Formulations 
 
3.2.3 Drying Matrimid 
Drying the Matrimid film by Protocol 1 led to a highly defective membrane. The 
resultant Matrimid film had a large number of holes visible to the naked eye (Figure 34). 
Optical microscope observation (e.g. Figure 35) showed that these holes were mostly 10-
25 µm in diameter, with a few smaller holes (4 µm) also visible as well (more precise 
analysis was not done since the actual size of the pin-holes was not important; what was 
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important if there were holes or not). A second coat was also applied, but it did not fill 
these defects.  
 
Figure 34: Matrimid Coat after Protocol 1 Drying; image contrast/brightness slightly 
adjusted to make the larger pinholes easier to see 
 
 





It should be noted that pin-hole defects transferred to the pyrolyzed CMS 
membranes, as seen in Figure 36 below. These pin-holes (12-35 µm) explain why the 
rejections of lignin by the initial CMS membrane discs were almost the same as that of 
bare alumina supports.  
 




Figure 37: Pin-Holes Visible in SEM: (courtesy of Dr. Rashidi) 
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When drying by Protocol 2, it was observed that the top solvent layer quickly 
evaporated in air post spin-coating. Upon the application of vacuum, the sample again 
looked wet for a few minutes until the vacuum pulled out additional solvent from the 
Matrimid coat. Again, pin-holes were detected, likely from the rapid removal of the 
solvent by the vacuum. Even when both eye and optical microscope examination showed 
no pin-holes, they were still visible under SEM, as shown in Figure 37. The drying 
protocol was thus improved in Protocol 3 by first preheating the sample in air to more 
slowly and gently remove NMP and only then applying vacuum to assist in the removal 
of any remaining solvent still trapped in the Matrimid coat. Protocol 3 finally yielded 
Matrimid and CMS coats that had no visible pin-holes, even under SEM, as shown in 
Figure 38.  
 
 
Figure 38: Top: SEM image of top surface of pinhole-free CMS membrane; Bottom: 
Photographs of defect-free membranes. 
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3.2.4 Polymer Infiltration and PEG/Isooctane filler 
When discs were coated with Matrimid without a PEG layer, the samples were 
almost impermeable to N2 and CO2, suggesting infiltration of the polymer into the 
support pores, as confirmed by Figure 39 wherein ~30 µm of penetration is visible.  
 
 
Figure 39: SEM Showing Infilration of Matrimid-based CMS into Alumina Disc 
 
 
 To reduce or eliminate infiltration of Matrimid polymer, PEG was dip-coated onto 
supports and then the Matrimid coating was applied, dried, and pyrolyzed. Initial 
pyrolysis temperature was 750 ° C, as in the reference paper.111 However, both gas and 
water permeation showed that the discs were virtually impermeable. In the case of water, 
the discs broke prior to achieving any flux. To increase permeability, the pyrolysis 
temperature was lowered to 525 °C (just above the PEG decomposition temperature from 
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the reference paper111), since lower temperatures lead to larger pore sizes and thus larger 
permeabilities.107, 108 However, this was not found to be effective.  
 Compared to literature values, even with drying Protocol 3 (i.e. no visible defects 
under SEM), the permeabilities of both Matrimid and CMSs were orders of magnitude 
lower than that reported in the literature under similar temperature and atmosphere 
conditions. For example, one paper reported a CO2 permeability of ~1210 Barrer for 
Matrimid pyrolyzed under vacuum at 550 °C and 43.6 Barrer  from pyrolysis at 800 
°C.110 In comparison, initial Matrimid-based CMSs were virtually impermeable. Sample 
permeabilities are shown in Figure 43 later, where the best coatings (at even the lower 
pyrolysis temperature of 525 °C) were less than 1 Barrer.  Even taking into account 
differences in permeability that might occur because the pyrolysis may occur a bit 
differently in pores than in thin films, this difference alone is not enough to explain the 
orders of magnitude in permeability difference. It was later shown that even PEG itself 
was not decomposed like it should have been but pyrolyzed and yielded a virtually 
impermeable film.  
 In addition to the virtual impermeability of PEG-coated samples, PEG also 
adversely affected the Matrimid coating. If the PEG coating was too thick (or, in the case 
of the poor reproducibility of the hand-dip-coating method, uneven coats), then the 
Matrimid film shrank and even delaminated. Attempts to spin-coat PEG were done to 
minimize this, but some samples were still prone to this shrinking and/or delamination. 
Figures 40-41 below show examples of shrinkage and delamination of Matrmid on a 
PEG-coated sample from unfavorable interaction between the two polymers (Sample 1 
was better but from other work, did not yield sufficient CMS coverage). Note that by 
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chance, a small portion of the samples could have just enough PEG to achieve a good 
coat (though permeability was still not improved) 
 
 








1. 6 wt.%, 1200 RPM, 1 minute 
2. 12 wt.%, 1200 RPM, 30 seconds 
3. 12 wt.%, 900 RPM, 30 seconds 
4. 12 wt.%, 900 RPM, 1 minute 
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Figure 42: SEM of a PEG-coated disc. Courtesy of Dr. Rashidi 
 
 
 Since a recent paper111 had reported successful removal of PEG and achieved 
permeable CMS films, it was surprising that similar results were not observed here. The 
CO2 permeation at RT was compared to a blank alumina disc (5.7 x106 Barrer), on PEG-
coated alumina disc (before and after  pyrolysis), along with a CMS on an alumina disc 
(no PEG) and the best selective (least-defective) CMS sample obtained using a PEG 
intermediate layer on an alumina support (Figure 43. As shown, PEG exposed to 
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pyrolysis conditions did not significantly decompose (i.e. the permeability of the blank 
alumina disc was not restored) and was comparable to the results of directly coating a 
CMS membrane (which had significant infiltration, as discussed previously). Even the 
best-selective (least-defective) CMS sample (selectivity of 7.1) still had a permeability 
under 1 Barrer.  Since PEG was soluble in MeOH, a sample was also soaked in MeOH 
for up to 6 hours but it failed to wash out any PEG. Filling the pores with isooctane 








Since temporary fillers were not successful and the polymer film infiltrated the 
support pores, the next strategy was to add aluminum oxide layers on top of the existing 
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supports (or making in-house support) that had smaller pores, eliminating or minimizing 
Matrimid infiltration.  
 
3.2.5 Alumina coating 
Figure 44 shows the cross-section of a US-sample from the 1st protocol having a 
thin coat of ~11.5 μm. The coating was too rough for CMS (later section), but was 
otherwise good, though the pore sizes were still too large, as seen by the lower rejections 








The BL filtration (0.03 wt.%, RT)  results are shown in Table 7. Included in the 
table is the 0.25 μm pressed sample for comparison (i.e. a defect-free 0.25 μm coat 
should be comparable to the pressed sample, accounting for some variation). Since some 
of the inorganics, particularly the sodium ions, are associated with lignin at such high 
pHs,27 most of the inorganic rejections here are likely those bound to lignin, since the 
conductivity measurement cannot distinguish between bound and free species. At higher 
lignin rejections (e.g. NF range of 70-90%), most of the free species would pass through 
and the difference between the inorganic and lignin rejections should be significant. All 
of the rejections mentioned here (unless otherwise noted) are observed rejections. Note 
that there is some variability due to insufficient samples for testing (the initial strategy 
was to use these ball-park rejections to optimize both a good ceramic coating as a NF pre-
filter as well as to use that good coating as a support for the CMS coating. Replicates on 
those discs was planned in order to obtain an average rejection value with is standard 
deviation).  
 Given the SEM images of the 2nd Protocol (Figures 45-46), the 0.25 μm coat 
(batch 2A) seemed to have incomplete surface coverage, yet surprisingly provided 
rejections were still comparable to that of the pressed disc. The 5.8 nm coat (batch 2B)  
had low rejections, likely due to not enough particles on the top surface to achieve 
desired pore sizes of the low concentration of the coating as well as the large pore sizes 
of the support (i.e. many particles were lost due to infiltration).  
 Also in Table 7 are the rejection data from Protocol 3 samples and the results of 
higher (40 wt.%) 5.8 nm particle coat and that of gamma-alumina. The 5.8 nm coat 
achieved lower rejection than even the best 0.25 µm coat, suggesting that the 0.25 µm 
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coating was not successful and that the coating method is not yet reproducible.  Further 
work would focus on improving the reproducibility of first the 0.25 µm particle coat and 
then the 5.8 nm particle coat, with attention on well-dispersed samples at high-enough 
concentrations. Both gamma-alumina coats achieved the same lignin rejection of 60 %, 
likely again due to the poor coating results of alpha-alumina layers. Increases in lignin 


























Table 7: Lignin and Inorganics Rejections for different alumina coats/samples and their 









Al blank 4-6 3-9 
1st batch 0.25 µm coat 6 16 
2nd batch 0.25 µm coat (pH 5.3) (batch 2A) 30 40 
0.25 μm pressed  40 35 
“2nd batch” 5.8 nm coat (pH 5.3) (batch 2B) 15 18 
3rd batch: 1 wt.% 0.25 µm coat, then 8 wt.% 5.8 nm coat 8 5 
3rd batch: 3 wt.% 0.25 µm coat, then 8 wt.% 5.8 nm coat 36 - 
1 wt.% 0.25 µm, then 2x 5.8 nm coats 9 16  
3 wt.% 0.25 µm, then 2x 5.8 nm coats 10 20 
40 wt.%  5.8 nm coat on 3 wt% 0.25 µm 11 16 
γ-Alumina on Polished Support - 60 
γ-Alumina on 40 wt.%  5.8 nm coated  3 wt.% 0.25 µm coat  - 60 
 
 
The support layers were thin and their pore size could not be estimated using Hg 
porosimetery. Instead, ImageJ was used to estimate the pore size. Note that these 
estimates are likely larger than the actual pore size. For example, though Hg porosimetry 
for the bare support showed that most of the pores were ~0.4 μm, ImageJ analysis 
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estimated an average pore size of 1.2 μm. Thus, while the ImageJ estimates cannot be 
used quantitatively, they provide a qualitative comparisons. For example, though Image J 
estimated the alumina support’s pore size  at 1.2 μm, the estimates for the 0.25 μm 
particle pressed disc was the 0.2 µm pore diameter, an order of magnitude less. This 
reasonable since such a pore size is  in the general range of the trends observed by Benito 
et. al. for such particle sizes.119 Note that cross-section images should yield better results 
in ImageJ, but the coated layers were very thin and difficult to distinguish in SEM. Thus, 
top-surfaces were used for the majority of these pore estimates.  
In a collaboration Dr. Rashidi, 2x Matrimid (6 wt.% in NMP) dip-coating was 
performed on the 0.25 µm coated commercial bare alumina support. Figure 47 shows the 
~ 1.5 µm thick (excluding infiltration) CMS layer on top of the ~1.5 µm thick 0.25 µm 
particle coat (the white dots in the CMS layer-there was still some infiltration) on top of 
the alumina support. The top surface roughness is likely from the dip-coated 0.25 µm 
particles (that surface couldn’t be polished). This sample was still defective (no CO2/N2 
gas selectivity), but its lignin rejection was at 68%. This result is very important. Prior to 
this point, even though SEM images showed that the CMSs were defective and the gas 
selectivity was still ~1 (i.e. the quality of the membranes was not better than this one on 
the 0.25 µm coating), liquid filtration was not successful (discs cracked prior to first 
water flux, even at pressures as high as 70 bars). Thus, the coatings on commercial 
supports were too dense/had significant infiltration such that the CMSs broke before 
water could pass through the defects and the pores. Here, the even with some infiltration 
into the 0.25 µm layer, the CMS itself was less dense such that water could actually 
permeate through. Clearly, this is permeation is due to defects (else there would be gas 
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selectivity and nearly perfect lignin rejection), but it is an encouraging sign. If (a) the 
coating could be improved and (b) the CMS defects overcome (and likely pore-sizes 
made larger by sacrificial nanoparticles), then CMSs were promising. In the scope of this 
work, there was not ample time to improve the CMS pore size and remaining defects, but 
work was undertaken to improve the alumina coatings to provide better supports for the 
future, non-defective CMSs. Initial attempts at spin-coating Matrimid onto the 0.25 µm 
coating and pyrolyzing was unsuccessful; samples delaminated. This further indicated 
that the coating procedure of the alumina layers had to be improved in order to make 




Figure 47: Dip-coated CMS layer on top of the 0.25 µm coat on commercial alumina 
support, courtesy of Dr. Rashidi. 
 
 The BL rejection data was based on  0.03 wt.% BL (which was diluted to this 
concentration to allow reliable quantification of the rejection and flux without significant 
influence of concentration polarization and fouling in the non-stirred dead-end cell).  
Figure 48 below shows the lignin rejection compared to that of a blank alumina and a 
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0.25 µm coated alumina disc (note: later 0.25 µm coatings could achieve as high as 40% 
lignin rejections, but could not do better because of the large pore sizes. The CMS was 
clearly a significant improvement).   
 
 
Figure 48: Lignin rejections for bare and modified commercial α-alumina supports. 
 
 
3.2.6 In-house alumina pressed discs  
During initial pressing tests, many discs broke either during pressing or upon 
contact after firing. This was eventually fixed by using Method ConC (but no water) and 
a firing temperature of 1300 °C. The lignin and rejection data for the only successfully 
pressed disc is shown in Table 7 in the previous section (this was for a disc pressed by 
our former group member). Further pressing at smaller particle sizes was not considered 


















0.25 um Alumina Coat




particle size to press the main support following by coating of finer layers). This layer 
was very smooth and had small pore sizes and performed well when coated with CMS 
(results will be discussed in the CMS section). As seen in the CMS section, the coated 
CMS, though of good uniformity and quality as observed in SEM, still did not have the 
expected rejection characteristics. Otherwise, this is a good support (superior in quality to 
the CoorsTek commercial discs), but further work was not pursued due to time 
limitations for the MS thesis (i.e. insufficient time to work out the CMS kinks and make 
modifications to increase its pore size for good fluid flow).  The intermediate strategy 
was then to coat alumina oxide layers (prior section), but this did not require pressing in-
house supports as commercial supports were readily available.  
The discs pressed from the 0.25 µm alumina powder were very fragile and only 
one disc survived (i.e. did not crack at some point along the process) to be spin-coated 
with Matrmid and pyrolyzed (discussion in the CMS section).  However, a pressed disc 
with the same powder was available from a prior group member 0.03 wt.% BL was 
filtered through it, achieving 40% inorganics rejection and 35% lignin rejection. These 
results are useful because they provide the upper bound performance of the 0.25 µm coat 
(i.e. if my thin layers were good and thick enough, they could not do any better than the 
1-3 mm thick pressed dics of the same powder. There is some variability in the data and it 
is surprising that the inorganic rejections are slightly higher than the lignin and so high. 
Since conductivity was used as a quick way to measure the overall inorganic content, it is 
possible that much of the inorganic content that was here rejected was associated with the 
lignin itself (hence the comparable numbers, given some slight variance). Once current 
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downside is that the discs are not mechanically strong enough for filtration (i.e. discs may 
at best survive only one run at the lowest pressures needed to obtain permeation).  
Future work would focus on adding binders and increasing the firing temperature 
to yield stronger discs capable of acting as better supports for CMS coatings. Since pores 
and porosity decreases at higher firing temperature, a larger alumina particle size may 
need to be used to improve the performance of the base supports, and then further 
alumina coatings (with smaller pore sizes) may be required to act as good prefilters and 
to prevent infiltration of the Matrimid/CMS coat. 
 
3.2.7 CMS pyrolysis results 
Initial pyrolysis work was performed by my former colleague, Dr. Ketki  Sharma. 
She was able to obtain dip-coated CMS layers ~9 µm thick (as shown in Figure 49) on 
commercial CoorsTek α-alumina supports. However, dip-coating suffered from major 
cracking during pyrolysis and samples were defective (the drying of Matrimid was not 
yet optimized at this point). In my work, I pursued spin-coating CMS membranes onto 




Figure 49: Example of an early dip-coated CMS layer, courtesy of Dr. Ketki Sharma 
  
 
The early work was with hand-dip coated or even spin-coated PEG. The thickness 
and uniformity of these layers were highly variable. On occasion, clear layers were seen 
between the Matrimid and PEG layers, as shown in Figure 50. In Figure 50, the top layer 
(lighter color) is spin-coated Matrimid (~2 µm thick) and the bottom layer (darker color) 
is PEG (~1-2 µm thick). As discussed earlier, it was later learned that PEG was not 
removed prior to pyrolysis but pyrolyzed. This made it impossible to distinguish in SEM 





Figure 50: SEM Cross-section of Matrimid, PEG layers 
 
 
Figure 51 is an example of a defect-free CMS cross-section (spin-coated) after the 
Matrimid drying was optimized. Here, there was enough PEG coating to prevent 
infiltration (some samples were significantly infiltrated into the alumina supports and had 
no distinguishable surface layer). With some confounding due to part of the layer being 









 The discs pressed from the 0.25 µm alumina powder were very fragile and only 
one disc survived (i.e. did not crack at some point along the process) to be spin-coated 
with Matrmid and pyrolyzed. It was not selective for gas permeation (i.e. was defective), 
but the coating was very shiny. However, broke upon liquid filtration testing due to its 
smaller size (because of shrinkage) and mechanical weakness. Another CMS sample was 
coated on a 0.25 μm alumina coat and its lignin rejection was 63%, comparable to the 
result obtained from a CMS coat on a pressed disc. 
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 No gas permeability data was available for the CMS with the 68% rejection, but a 
further analysis on a different CMS sample that was also coated a 0.25 μm particle 
pressed disc shows that the coating surface does play a role. This is seen in Table 8 and 
Figure 52 below.  
 
 
Table 8: Gas permeation data on pressed or coated alumina discs 
Sample Gas Permeability 





CMS on 0.25 μm 
press, N2 
1227 NA/, but likely 
>63% 
1.63 1.25 
CMS on 0.25 μm 
press, CO2 
2167 
CMS on 0.25 μm 
particle coat, N2 
3813 63 1.56 1.25 
CMS on 0.25 μm 









Figure 52: SEM images of CMS on 0.25 μm pressed disc (Left) and on 0.25 μm coat 
(Right) 
 
As seen from the data, the CMS quality was better on the pressed-disc (which had 
a smoother surface), resulting in less defects, which was confirmed by the low gas 
permeation values. Since they are still higher than those in the literature, there are still 
some defects, but most of these defects are likely less than 20 nm (N2 free mean path) 
since the selectivities are slightly above the Knudsen selectivities.  
Clearly, further work is needed to both improve the ceramic coats as well as to 
identify and fix the remaining CMS defects. As discussed previously, alumina particle 
coatings show promise, but their reproducibility needs to be improved.  Gamma-alumina 
coated supports were made showing high lignin rejections, but CMS tests on those 
samples were out-of-scope for this thesis due to time constraints. It is expected that 
CMSs coated on these γ-alumina layers should have better performance. The coated 
CMSs can then be further improved by reducing the thickness by further optimizing spin-
coating (necessary for higher flux), testing a different polymer (e.g. 6FDA:BPDA-DAM) 
which is known to give more porous CMSs,108 as well as adding sacrificial nanoparticles 
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to increase the pore sizes, allowing for high solute rejections while increasing permeate 
fluxes.  
 
3.3 Liquid Permeation Results 
In this work, most consideration was given to the rejection performance, since 
flux could later be improved once target membrane performance (80% lignin rejection for 
NF ceramic membranes, 99% lignin rejection by the CMS RO membranes) was achieved. 
Also, because a stirred-dead-end cell, a tubular module, or a spiral cross-flow module 
was not yet used, only the water flux data is meaningful for scale-up (i.e. because of 
increases in osmotic pressure and concentration polarization, flux with anything but water 
are low and are an unrealistic basis of comparison). The water flux is still useful because 
it can be seen as the ideal case (i.e. the stirring or cross-flow velocities  are sufficiently 
high such that there is no concentration polarization). Nonetheless, some BL and other 
non-water flux is presented in a few cases to show the general trends, despite the 
limitations of the non-stirred dead-end cell. Again, rejection data was given priority in the 
cases when time-constraints limited the collection of water flux data. It should be noted 
that initial BLs used were more concentrated (~1wt.%) and then switched to ~0.03 wt.% 
because of the concentration polarization and osmotic pressure increases in the non-
stirred dead-end cell (initial CMS membranes were very defective and could handle 
higher concentrations of BL).  
 Initial permeation work was done on the initial spin-coated Matrimid-based CMS 
samples. It was only later determined that there were large pin-holes in these samples, 
hence the flux data is abnormally large for these samples.  As seen Figure 53, the alumina 
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support has very high water fluxes, as there is very little resistance to water flow. In the 
absence of fouling species, flux always increases linearly with pressure (Darcy’s law). 
The 0.25 μm alumina particle pressed disc still has large flux compared to a CMS 
membrane, but I such lower than the bare alumina support due to its smaller pore size and 
thickness (3 mm). The 0.25 μm alumina particle coating is comparable to the water flux 
on the bare support since its coated layer is thin (<10 μm), thus the flux is largely due to 
the 1 mm support. The flux is slightly higher likely due to some variability between 
samples and a possible slight increase in pore size of the sample after initial liquid 
permeation (i.e. pores can slightly increase after an initial liquid run. This sample was 
tested after an initial liquid run). Fluxes from the gamma coats are high (Figure 54) but 




Figure 53: Water flux on alumina support, 0.25 μm alumina particle coating, and 0.25 




Figure 54: Water flux on from gamma-alumina coat on bare support and on the 5.8 nm-
coated 0.25 μm coated supports 
 
Early work used defective CMSs, but the BL studies still were helpful by serving 
as scoping studies, providing trends of what to expect later with less-defective CMSs. For 
example, as in Figure 55, there is flux decline over time until a steady-state (SS) is 
approached. This is normal (some fouling/concentration polarization lowers flux right 
away), and it is important to estimate the times required for SS to occur in order to 






Figure 55: Typical flux decline behavior 
 
 
3.4 BL concentration membrane scale-up and economic feasibility 
Though ideal ceramic or CMS membranes were not fully achieved in this work, 
we can use a simple mass balance model to demonstrate the value of membranes in BL 
concentration. Key assumptions in this model include a typical 500 gal/min BL feed, 
concentration of BL from 15 wt.% to 25 wt.% TS, constant, steady-state flux, and surface 
area calculation based on 30 kg/(m2 hr) flux from 1” disc (above this flux, surface area 
gains are minor, as discussed below), direct concentration by a single membrane tube (no 
recycle streams, multiple stages, etc.), and tubular membrane with 100 m2/m3 average 
packing density,49 $125/m2 manufacturing cost.53 Case 1 is RO (CMS targets), with 99% 
organic (mainly lignin), 95% inorganic rejections, case 2 is NF  (minimum alumina 
target, though some literature has seen as high as 80% lignin rejections)  with 68% 
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organic (mainly lignin), 12% inorganic rejections (values based on only performing 
CMS, as well as a literature result78).  
 The 30 kg/(m2 hr) flux was chosen based on Figure 56 using the rejection and BL 
feed rate assumptions for case 1, since these are the ideal targets for an RO CMS 
membrane. The liquid permeation tests in this work were largely done on a 1” (25 mm) 
diameter disc. Based on the feed requirements (500 gal/min), a scaled-up surface area 
was calculated based on the usable surface area in the 1” diameter disc. The results were 
then plotted in Figure 56. As seen from the figure, initial flux gains result in drastic 
surface area savings. However, past ~ 30 kg/(m2 hr), surface area gains are minor and 
only an economic analysis would be able to determine if the costs of higher flux are 
lower than the savings by reduced surface area. If a different BL feed flow-rate is 
assumed, the surface area values will change (based on scale-up or scale-down), but the 
overall trend will remain the same, with the same optimum flux of ~30 kg/(m2 hr).  
 
 




Figure 57 shows the detailed results of case 1 (RO). It can be seen that for an RO 
membrane, most of the TS will be rejected, the membrane surface area and 
manufacturing cost is reasonable, and there is a very pure water permeate which can be 
used in other parts of the plant. 
 
 
Figure 57: Results of case 1 (RO) 
 
 
Figure 58 shows the detailed results of case 2 (NF).  It can be seen that there is 
still high recoveries of lignin and inorganics, the membrane requirements are larger, but 
















Significant reductions in cost from the Kraft process is expected to result from 
successful development of BL concentration membrane technology. Significant progress 
has been made in the development and evaluation of membranes for BL concentration. 
However, polymeric membranes are challenged in BL applications because of their low 
lifetimes upon exposure to the harsh BL feed conditions. Because of their greater 
stability, non-polymeric (e.g., ceramic) membranes are expected to play a major role in 
the concentration of black liquor. However, a major challenge exists in improving their 
rejection and flux properties to decisively improve the economics of membrane-based BL 
concentration. Furthermore, to achieve the best possible separation (removal of water and 
ions), NF and RO membranes are also required. These membranes are still largely 
polymer-based, and future research will need to focus on the development of robust, 
lower-cost inorganic NF/RO membranes suited for BL applications.  
 This thesis work attempted to address these limitations and opportunities by (1) 
employing a robust and stable material (CMS supported on alumina) to fabricate 
membranes for BL concentration, and (2) improving the current quality of ceramic (α-
alumina) membranes to be uses as prefilters to the NF/RO and as better supports for CMS 
coats. Results showed that alumina-supported CMS membranes could have high 
rejections but the membranes were still defective. In liquid permeation, the CMS were 
very resistant to water flow and the small pore sizes of fully-defect free CMSs do not 
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make them favorable for direct BL use. Some liquid and rejection data was collected on 
CMSs, but based on gas permeation results, these CMSs were known to be defective. 
Thus, the best CMSs achieved were overly dense (too resistant to water permeation) and 
yet defective (too high flux, no significant selectivity except for one sample with 
(CO2/N2) selectivity of ~7 (which is still low compared to literature). Future work would 
study and explain the defects as well as adding sacrificial nanoparticles (e.g. silica) that 
could be etched away, giving small pore sizes for good RO/NF, but larger than the 0.2-
0.6 nm of typical defect-free CMSs . Further work would also focus on increasing the 
porosity (resulting in higher fluxes and making water easier to pass through), using a 
Sterlitech cell to avoid concentration polarization, and generating thinner layers by 
further optimizing the spin-coating conditions and by coating one-several graphite layers 
by techniques different from the multiple graphite layers in CMS.   
It should be noted that literature of Matrimid and CMS membranes is typically based 
upon free-standing films or hollow fibers. There are only a handful of reports on ceramic-
supported CMS or Matrimid membranes. Here, the presence of a porous support and 
infiltration issues (as well as poor quality of most of the support discs) likely contributed 
to the observed gas permeation defects and dense films for liquid filtration. It is quite 
possible that drying of Matrimid and pyrolysis occurs differently inside pores. Also, the 
tortuous pore of the support may have prevented proper drying/pyrolysis products 
venting (and even PEG removal), leading to abnormal results. Future work would study 




Given the yet-unresolved challenges encountered with CMS membranes, that were 
out-of-scope for this MS thesis, the second component of our work focused on improving 
the ceramic membrane performance, both as a prefilter and as a better coat for CMSs.  
One strategy examined here consisted of adding smaller, thin ceramic coatings of smaller 
pore sizes onto existing, readily available, cheap and larger pore-sized alumina supports. 
Pressed discs from 0.25 µm particle size yielded 35% lignin rejection and the best coat of 
0.25 µm particles on an a commercial alumina support achieved a maximum lignin 
rejection of 40%. Further samples and additional coats with 5.8 nm particles failed to 
improve or match these rejections. Future work would more carefully study the coating 
procedure to ensure reproducibility between different batches.  
A gamma-alumina coat was also applied to both the bare alumina support as well as 
on top of the alpha-alumina coats, achieving 60% lignin rejection in both cases. This is 
still below NF level, but further optimization of the coating protocol as well as lower 
sintering temperatures should yield smaller pores and increase the lignin rejection to 
~90% for NF prefiltration. Moreover, it should yield improved CMS coating layer, since 
literature has shown that a thinner CMS coating can be obtained due to the smoother 
gamma-alumina coat. In addition to testing the CMS on the gamma-alumina coat, CMS 
properties must still be improved to achieve an industrially-acceptable water flux (30 
kg/[m2 hr]). Method to do this include optimizing spin-coating to decrease membrane 
thickness, changing the polymer precursor to yield a more porous CMS (e.g. 
6FDA:BPDA-DAM), and adding sacrificial nanoparticles to increase pore size.  
Finally, in addition to using the Sterlitech cell, cross-flow tests on both discs and 
tubes would be carried out. There is still a possibility that masking would not work for 
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the 1” discs (the 2” discs may be too thick for the Sterlitech cell) and/or that greater 
reduction in fouling and concentration would be desired. Thus, two designs are proposed 
for cross-flow filtration. First, a cross-flow “spiral” design has already been made. Fluid 
would flow in a spiral fashion. An Isco syringe pump would provide the flowrate at high 
pressure, while a back-pressure regulator would be used to maintain the desired TMP. 
Second, the membrane coating procedures would be applied to tubes, which could then 
be scaled-up for future pilot tests (tubes are the most industrially relevant module for BL 
filtration due to the fouling considerations). While not built yet, a lab-scale tubular design 





BL PROPERTIES/COMPOSITION SUMMARY TABLES 
 









(wt. % of dry 
solids) 
Refs  TS/TDS (wt. %) Refs  
Organics 





 0.11-1.3 29  8.27-52.06 
7, 10, 11, 
13, 15, 18, 
27, 33, 59-





           
Lignin 
(g/L) Refs  
Hemicellulose 
(g/L) Refs  
 
Extractives 
(wt.% of dried solids) 
Refs  Carbohydrates (wt. %) Refs 
26-193 
 








13, 16, 78, 
79  0.3-6.69 
8, 19, 29, 















Refs  Inorganics (g/L) Refs  Extractives (g/L) Refs  Carbohydrates (g/L) Refs 
38-53 9  35-45 75-77  0.47-2.06 7  5-9 7 
Na2S2O
3 (g/L) 
Refs  SiO2 (g/L) Refs  Na2S (g/L) Refs  Na2SO3 (g/L) Refs 
4.7-5.8 140  0.6-4.98 9, 33  0.88-1.11 27, 61, 65  4.1-8.4 140 







Refs  SiO2 (% of dry solids) Refs  NaOH (g/L) Refs  Na2CO3 (g/L) Refs 
1.6-4.1 140  0.2-0.7 (wood)  1-30 (grasses) 
39, 43  0.14-40 7, 27, 61, 141  2.05-3.5 27, 61, 65 





Refs  Na2CO3 (wt.% of TDS) Refs  Mg (mg/L) Refs  Na (g/L) Refs 
0.9-8.3 29, 39  6.6-12.3 29, 39  6.0-46.2 74, 77, 91  8.42-42.3 
7, 9, 16, 









(mg/L) Refs  Cu (mg/L) Refs  Mg (ppm) Refs  
Na 
(wt.% of dry solids, 
bound to organics) 
Refs 
0.8-0.9 91  0.8-1.5 91  140-240 19, 39  8.7-10.3 29 
           
Fe 
(mg/L) Refs  Al (mg/L) Refs  Mn (mg/L) Refs  
Na 
(% of dry solids) Refs 
2.0-3.4 
74, 77, 
91  9.0-10.5 
91  8.1-13.1 
74, 77, 




           
Fe (ppm) Refs  Al (ppm) Refs  Mn (ppm) Refs  C (kg/m3) Refs 
56-120 19, 39  32-300 19, 39  96 39  19.4-50 69 
           
Si (g/mL) Refs  S (% of dry solids) 
Refs  Ca (mg/L) Refs  C (% of dry solids) Refs 
66.5-73.5 91  0.4-7 
18, 29-31, 39, 










Refs  S (g/L) Refs  Ca (ppm) Refs  Cl (% of dry solids) Refs 
0.1-3.8 18  4.8-11.2 74, 77, 91  40-1300 19, 39  0.1-4.5 18, 30 
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K (g/L) Refs  
O 
(% of dry solids) Refs  
H 
(% of dry solids) Refs  
N 
(% of, dry solids) Refs 
3.1-8.6 
7, 74, 
77, 91  32-39 
30  0.08-5.53 
18, 30, 31, 


















 202 39       
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Table 11: Detailed composition of Black Liquor: Lower MW Organics 
 
Acetic 
acid (g/L) Refs  Glycolic acid (g/L) Refs  Lactic acid (g/L) Refs  Oxalic acid (g/L) Refs 
6.7 67  2-3 67  4-5.1  
67  0.13-0.17 67 






Refs  Malic acid (g/L) Refs  Glyceric acid (g/L) Refs  2-Hydroxyadipic  acid (g/L) Refs 
2.08-8 29, 31  0.16-0.3 67  0.11-0.13 67  0.24-0.4 67 




Refs  Glucoisosaccharinic acid (g/L) Refs  
Glucoisosaccharinaric 
acid (g/L) Refs  
3-Hydroxypropanoic 
acid (g/L) Refs 
0.5-4.2 67  4-9 67  0.5-0.7 67  0.02-0.19 67 





Refs  3-Deoxyhexonic acid(g/L) Refs  
2,5-
Dihydroxypentanoic 
acid  (g/L) 
Refs  2-Hydroxybutanoic acid  (g/L) Refs 
0.1-0.12 67  0.3 67  1.1 67  1.2 67 









Refs  4-Hydroxybutanoic acid (g/L) Refs  
2-Hydroxyghitaric 
acid(g/L) Refs 
0.16-0.6 67  0.9-1.5 67  0.1-0.19 67  0.4-0.5 67 
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acid (g/L) Refs  
2-Hydroxybutanoic 
acid (g/L) Refs  
2-Hvdroxypentenoic 





0.22 67  1-7 67  0.15-0.3 67  1.2-2.2 67 





Refs  3-Deoxypentaric acid (g/L) Refs  
Meihylsuccinic acid 





0.3-0.6 67  0.05-0.07 67  0.04-0.18 67  0.18-0.3 67 









METHODS FOR DETERMINATION OF BLACK LIQUOR COMPOSITION 
 
Table 12: Methods for determination of black liquor composition 






950 °C, and 
reweigh. The 
difference in 




Overall inorganic content:  
Heat the dried TDS samples 
up to ~575-950 °C. Ash 
content is the remaining 
weight.7, 16, 74, 76, 79, 
 
Composition: First pretreat 
with nitric acid and organics 
filtered out, then analyze 
concentration and 
composition via inductively 
coupled plasma atomic 
emission spectroscopy, a flash 
elemental analyzer or by using 
a pH metric triple titration 
method.27, 75, 142 
 
For TS: weigh 
dried samples at 
105 °C. For 
TDS, same as TS 
first use a filter 




Concentration: UV-Vis (280 
nm);56  
 Amount of precipitated 
lignin: acid hydrolysis, then 
gravimetric analysis or one- 
minute autoclave, hot filter 
(no pre-hydrolysis).139, 142 
 Lignin MW: size exclusion 
chromatography; 
 Chemical structure: FTIR 
analysis;11  
Particle size distribution: 
droplet and particle sizer23  
Common 
Standard(s) 




Overall inorganic content: 
TAPPI 211, CPPA J.15P, 
KCL 59:83, TAPPI 625cm-
85, KCL 60:64, ISO 1762.31, 
142 
Composition: SCANN 
38:01, also similar to that in 











TAPPI T 222 om-02, TAPPI 
T 249 cm-00, TAPPI UM 
250, SCAN-CM 71:09.139 
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Table 12 Continued 










































 TAPPI Test T684.18  
TAPPI T 625cm-
85 and 699om-
87,  KCL 
70:83.31 
 
Sulfide and hydrogen 
sulfide: TAPPI T 
625cm-85 and 699om-
87, SCAN-N 31:94, K 
CL 69:91.31 
         









dried liquor in 



























T 624 os-68.31, 
32, 39 
 KCL 62:64.31  KCL 62:64.31  TAPPI Test T266.18 
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 Active Alkali  N  Inorganic/organic ratio  
Silica, Fe, Al, Ca, 













TAPPI T 625cm -
85, KCL 61:83.31  
TAPPI T 625cm-
85, CPPA J.15P, 








TAPPI T 625cm 
-85, CPPA J.15P, 
KCL  72a:84, 




63a:84, SCAN N 
30:85,ABNT 
Test MB 
106/65.7, 18, 31 
          























COD on 1st and 5th 
day).62 
 




from the other 
phase and 
evaporate the n-
hexane phase to 




Table 12 Continued 
 
 
 Hemicellulose  Volatile Solids  Si or Silica  Cl 













the sample in an 
incubator at 550 °C.9 
 
Si: gravimetry, 
colorimetry;18, 33  
Silica: oxidized 
by aqua regia, 





after burning at 
550 °C.9 




BL MEMBRANE LIT SUMMARY TABLES 
 
 
Table 13: Polymeric membranes investigated for black liquor concentration. 





Spruce Cellulose acetate UF, RO Unknown Plate and frame 68 
Unknown Cellulose acetate UF, NF 10, 20, & 70 kDa Stirred batch cell 57 
16 % solids model 







UF: polysulfone MF & UF 
MF: 0.5-μm pore 
size; UF:  6, 20, 






Polysulfone Unknown 50, 100, 200 kDa Plate-and-frame Hollow fiber 
15 
Unknown 
Moist type G05T 
polyelectrolyte complex 
membrane 
UF 5 kDa Asymmetric stirred batch cell 
58 








Table 13 Continued 
Unknown Cellulose acetate 
(A) 
Carbonation
, UF, NF 
(B) 
Carbonation
, NF              
(C) NF 
1  (UF)                              




acetate (low rejecting) 
Thin film composite (high 
rejecting) 
UF 1, 0.5 kDa Flat-sheet cross flow 
65 
Pine- but used 
model BL (acid 
precipitated lignin in 
0.1 M NaOH) 
Cellulose & polysulfone Unknown 1, 10, 30, 100 kDa Stirred batch cell 
56 
Unknown Polyacrylonitrile UF 3, 20, 80, 110 kDa Plate & frame 
69 
Unknown Cellulose acetate UF 5 kDa Radial cross flow 61 
Unknown Cellulose acetate UF 1 kDa Rectangular cross flow 
61 
Unknown Cellulose acetate UF 1, 5 and 10 kDa Stirred dead-end 61 
Bleached softwood Polysulfone and polyethersulfone Unknown 4,8, 20 kDa Tubular 
76 
Wheat straw BL 
MF: 2 asymmetric 
membranes were made of 
α-alumina, one was made 
of cellulose acetate. 
UF membranes were made 
either from 
polyacrylonitrile, polyaryl 
ether ketone, or  sulfone 
MF, UF 
MF: 0.8, 0.2, 0.22 
μm; UF: 3, 6, 10, 
30 ,60 kDa 
MF:  2 of them were 
tubular, one was flat 
sheet 
UF: flat sheet 
asymmetric membranes, 





Table 13 Continued 
 
Unknown Cellulose triacetate, polysulfone Unknown 
5, 10, 20, 30, 100 
kDa Flat sheet 
66 
Rice & jute straw 




MF & UF 
UF: 5 kDa; 
MF: 0.45 µm 
pore size 
Dead-end: different 
combinations of stirred 




Mixed hardwoods Asymmetric cellulose triacetate UF 5 kDa Stirred dead-end 
64 
Softwood & 









1-100 (15 for 
main ceramic 
UF), 1 (for main 
polymeric NF). 
Polyethersulfone: 




de (100) kDa 
Tubular 78 
Wheat straw Polyethersulfone UF 6 kDa Hollow fiber 70 
Hardwood and 
softwood PES UF, NF 0.4, 1 kDa Flat sheet 
67 
Wheat straw PES UF 6, 10 kDa Cup membrane ultrafiltration apparatus 
12 
Softwood Polymeric Composite NF 1 kDa Tubular 16 
Softwood Polymeric Composite NF 0.6 kDa Tubular 16 
Softwood Polymeric Composite NF 0.2 kDa Tubular 16 






Table 14: Ceramic membranes investigated for black liquor concentration. 
Pulp Type Membrane Material Membrane Type MWCO (kDa) or Pore size Module(s) Refs 
Hardwood Al2O3 MF 0.2 um pore size Tubular 72, 73 
Softwood Al2O3-TiO2 UF 5 & 15 kDa Tubular 75 
Bleached 





Ceramic membranes coated 
with ZrO2 
UF & NF 1, 5, 15 kDa Cross-flow 8 
Wheat 
straw Al2O3 MF 
Pore sizes of 0.8 μm, 




MF: 2 asymmetric 
membrane were made of 
Al2O3, one was made of 
cellulose acetate. 
UF membranes were made 
either from 
polyacrylonitrile, polyaryl 
ether ketone, or  sulfone 
MF, UF MF: 0.8, 0.2, 0.22 μm UF: 3, 6, 10, 30, 60 kDa 
MF:  2 of them 
were tubular, one 
was flat sheet 










Al2O3– TiO2 with an active 
layer of ZrO2 
UF 5, 15 kDa Crossflow 7 
Model BL  
(NaOH 
and lignin) 
Al2O3–TiO2 active layer on 
ceramic support and TiO2 
active layer on ceramic 
support 
UF 1, 5, 15 kDa Tubular 41 





Table 14 Continued 
      
Hardwood Al2O3- TiO2 UF 15 kDa Tubular 79 
Hardwood Al2O3-TiO2 UF 15 kDa Tubular 13 
Straw TiO2 UF 5, 10, 15 kDa Tubular 11 
Softwood Al2O3 with a surface layer of TiO2 
UF 20 kDa Tubular 16 




UF: TiO2 & ZrO2 UF 1 kDa Cross flow 142 
Carbonized 
BL Ceramic 
UF followed by 
NF 
UF ( 1.5-2 kDa) 












pH 9-10 and then  
MF and UF 
90  µm mesh (pre-filter), 
0.2 µm (MF), 300 & 15 






Table 15: Lignin concentration with UF and NF membranes. Symbol X denotes ‘Unknown.’ 
Example Permeate Flux (m3/m2 
s) Rejection (Retention) (%) Recovery (%) pH T (°C) Refs 
X Up to 75  lignin X 10.2-12.5 21, 25 14 
1.39 x10-6 - 2.64 x10-5 Up to 26 lignin X 12.5-13 75, 80 15 
1.94-2.50 x10-5 X 54 lignin X 60 24, 25 
~1.15 x10-5 m/s X X 8.8 30 59, 60 




8.5 x10-6 Up to 35 TDS X 11.2-11.95 26-31 65 
1.23 x10-5 Up to 78.7 X X X 69 
1.2 x10-5 52 TDS X X X 61 
Above 5.6 x10-5 99.2  pitch 40 pitch X 90-93 72, 73 
1.25 x10-5, 2.64 x10-5 X 33, 63 lignin 13-14 90 75 
5.6 x10-6 30-40 lignin X 13-14 60, 75, 90 
77 
1.4-12.2 x10-6 67-68  lignin X X 25-80 
8 
1.39 x10-4 70 lignin; 80 silica; 23-27 TS X 10.94-12.24 30-60 33 
4.2 x10-5 80, 90 lignin X 11 30, 32, 63 
9 
3.06 x10-5, 4.4 x10-5 35, 45  lignin  X X 90 74 
7.50 x 10-6 76 lignin X 7.5-8.8 30 
62, 63 
 





Table 15 Continued 
      
9.17 x10-6 15-25 lignin; 75-95 hemicellulose 40-45 lignin 13-14 90 
13 
20, 30 kg/(m2 h) 78 lignin 82 13.5 X 67 
5.83 x10-6,  1.11 x10-5 93, 97 lignin X 13.4 70 16 
110 kg/(m2 h) ~70-75 lignin 21, 24 lignin; 76, 88 organic acids X 60 
143 







Figure 259: Viscosity of hardwood black liquor as a function of shear rate and solids 
concentration Css. Adapted from Ref.18 
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